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The former edition of this little work was given to 
the public in the shape of Lectures, as delivered, in 
compliance with the regulations of the Chair which 
the author then occupied, and without any expecta- 
tion that its use would extend much beyond the circle 
of his immediate hearers. It has, however, found its 
way elsewhere ; and the author has been urged, by 
some of his fellow-labourers in other Universities, to 
reprint it. 

With this request he could not but comply ; and 
he trusts that the delay in acceding to it may be ex- 
cused to those who made it, by the desire of the 
author to render the work more deserving of their 
favourable estimation. 

In the present edition some account is given of 
the more important discoveries in Physical Optics, 
which have been made since the publication of the for- 
mer. In preparing these additions, the author has 

b 



ADVERTISEMENT. 



derived much aid from tlie ESpertoire dOj>tique Mo- 
deme of the Abb6 Moigno, — a work which contuins a 
full analysis, and critical discussion, of most of the 
recent researches in Optics, He has also to acknow- 
ledge his obhgations to M. Moigno, for the favourable 
introduction of the former edition of the present work, 
in the pages of the " Repertoire," to the notice of Con- 
tinental readers. 

The form of Lectures has been abandoned ; but 
the author fears that the style stiU retains more of the 
traces of the lecture-room than is consistent with a 
formal scientific treatise. His only aim has been to 
present, to those who were conversant with the ele- 
ments of Mathematics, a clear and connected view of 
his attractive subject ; and he has been compelled, by 
this limitation, to confine himself in many cases (as in 
all that relates to the Dynamics of Light) to a general 
account of methods, and of their results. Those who 
desire a more exact acquaintance with the science will, 
of course, study it in Sir John Herschel's Essay on 
Light, and in Mr. Airy's Tract on the Undulaiory 
Theory of Optics. 



Teinttt Collkok, Dubij.v, 
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CHAPTER I. 



PROPAGATION OF LIGHT. 



(1) Natural bodies may be divided into two classes in 
relation to Light. Some possess, in themselves^ the power of 
exciting the sense of vision, and of producing the sensation of 
light ; while others are devoid of that property. Bodies of 
the former class are said to be luminous ; those of the latter, 
non-lumtnous. The Sun and the fixed stars are all luminous 
bodies ; terrestrial bodies are luminous, in the states of incan- 
descence, combustion, or phosphorescence. 

Non-luminous bodies acquire the power of exciting the 
I sensation of light in the presence of a luminous body. Thus, 
1^ ; J ip or candle illuminates all the objects in a room, and 
^«^uers them visible ; and the light of the Sun illuminates the 
Earth and the planets. This property of bodies is due to 
their capacity of reflecting light, and belongs to them in dif- 
ferent degrees. 



i 
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(2) The foregoing distinction of bodies, obvious as it seems, 
was not fiiUy comprehended by the ancients. According to 
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2 PItOPAGATlON OF LfGHT. 

tlicm, vision wa« jierformed by aomcthing which emanated 
from the eye to the o^ect ; and the sense of Sight was explmned 
by the analogy of that of Touch. In this view, then, the aeu- 
satiou was reprcBented as independent of the nature of the 
body seen ; and all objects should be visible, whether in the 
presence of a luitiinous body or not. This strange hypothe- 
eis held its ground for many centuries. The Arabian astro- 
nomer, Alhazen, who lived in the latter part of the eleventh 
century, seems to have been the first to refute it, and to prove 
that the rays which constituted vision came from the object 
to the eye. 

(3) The light of a luminous body emanates from it in 
directions. Thus, the light of a lamp or candle is seen in all 
parts of a room, if nothing intervenes to intercept it; and the 
light of the Sun illuminates the Earth, the Planets, and their 
satellites, in whatever position they may be placed respect, 
ing it. 

Each physical point of a luminous body is an independent 
source of light, and is called a luminmis point. 

(4) Non-luminous bodies are distinguished into two classes, 
according as they allow the light which tails upon them to past 
fi-oely through their substance, or intercept it. Bodies of th( 
former kind arc said to be transparent ; those of the latter, 
o}m'iue. 

Thcro are no bodies in nature actually corresponding to 
theoo extremes. The most transparent bodies, as air and wt^^ 
intercept a sensible quantity of light, when of sufficien 
thioknesn; and, on the other hand, the moat opaque bodies, 
Huoh a* the tnelah, allow a portion of light t« pass through 
thoir Bubslunoe, when reduced to laminae of exceeding tenuity. | 

(0) In the same homogeneous medium, lightis propagiited 
i» riyitt liwn, whether it emanates directly from luminous 
'JOilion, or is reflected from such as are non-luminous. 

I- 
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This is proved by the fact tliat when an opaque boily is 
interposed in the right line connecting the eye and the lumi- 
nouH source, the light ofthe latter is intercepted, and it ceasca 
I to be visible. The same thing la proved also by the shadows of 
bodies, which, when received upon plane aurfiices perpendi- 
cular to the path of the light, are observed to be similar to the 
section of the body which produces them. 

Thia property of'light was recognised by the ancients ; and 
by means of it the kvf optical laws which were known to 
them became capable of mathematical expression and reason- 
ing. Any one of these lines, proceeding from a luminous 
point, is called in optics a ray. 

(6) In a perfectly transparent medium, the intensity of 
the light proceeding from a luminous point varies inversely as 
the square of the distance. 

This is easily proved, if light be supposed to be a material ■ 
emanation of any kind. Forthe intensity ofthe light, received ' 

Jopon any spherical surface whose centre is the luminous point, 
Jb as the quantity of the light directly, and inversely aa the 
qmce over which it is diffused. But none ofthe light being lost, 
the quantity of light received upon any spherical surface is the 
same as that emitted, and ia therefore constant ; and the space 
of diffusion, or the area of the spherical surface, isaa the square 
of its radius. Hence the intensity ofthe light is inversely aa 
the square of the radius, i. e. inversely aa the square of the 
distance. 

Let the light be supposed to emanate from the points of 
.lh uniformly luminous surface, which we shall suppose to be 
u Li small portion of a sphere. Then the quantity of light I 
^ lemitted is proportional to the quantity emitted by a single 
point, and the number of points (or area) conjointly. Ilencfl I 
, if a denote the area ofthe luminous surface, and i the quan- 
llity emitted from a single point, which is a measure ofthe 
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ahiolute brii/hlness, the intenally of the illuminatioR, at any 

(listancc d, ia 



(7) A plane surface, whose diment^iuns are Bmall in com- 
parison witli the distance, and which is perpendicular to the 
incident light, may, without senaible error, be considered aa a 
portion of a spherical surface concentric with the luminary. 
The intensity of the illumination, therefore, or the quanti^of 
light received upon a given portion of such a plane, is expressed 
hy the formula of the preceding Article. 

When the surface is inclined to the incident light, the 
quantity of the light received by any given portion is dimi- 
nished in the ratio of unity to the sine of the angle of inclination. 
The intensity of the illuininatiou is, therefore, diminished in 
the same proportion, and is expressed by the formula 



d being the inclination of the surface to the incident liglit. 

(8) Experience proves that the eye is incapable of eom-l 
paring directly two lights, so as to determine their relative! 
intensity. But, although unable to estimate degrees, the eyci 
can detect di^fferences of intensity with much precision - andf 
■with this power it is enabled (by the help of the principla 
juat establiahed) to compare the intensities of two lights in, 
recti!/. 

Let two portions of the same paper (or any similar reflecfcS 
ing surface) be so disposed, that one of them shall be illumi-J 
nated by one of the lights to be compared, and the other by 1 
the other, the light being incident upon each at the same T 
angle. Then let the distance of one of the lights be altered, ' 
until there is no longer any appreciable difference in the inten- [ 
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sities of the illuminated portions. The illuminating powers of 

the two lights will then be as the squares of their respective 

distances ; and their absolute brightnesses as the illuminating 

powers directly, and as their luminous surfaces inversely. For, 

if i and i' denote the absolute brightnesses of the two lights, 

a and a' the areas of the luminous surfaces, and d and d' their 

distances from the paper, the intensities of illumination are 

ai sin 6 , ai' sin . , j xi. i. • j j 

— -^^ — and — -p^ — , respectively ; and these bemg rendered 

equal in the experiment, we have 

ai d^ 



a% 



l^' 



The following simple and convenient mode of practising this 
method was suggested by Count Bumford. A small opaque 
cylinder is interposed between the lights to be compared and 
a screen ; in this case it is obvious that each of the lights 
will cast a shadow, which is illuminated by the other light, 
while the remainder of the screen is illuminated by both lights 
conjointly. If, then, one of the lights be moved, until the sha- 
dows appear of equal intensity, their illuminations are equal, 
and, therefore, the illuminating powers of the two lights are 
to one another as the squares of their distances from the 
screen. 

\ 

i (9) Light is propagated with a finite velocity. 

I This important discovery was made in the year 1676, by 

I th^ Danish astronomer, Olaus Boemer. Roemer observed that 

^^^en Jupiter was in opposition, and therefore nearest to the 

-jJEkrth, the eclipses happened earlier than they should according 

jrTto the astronomical tables ; while, when Jupiter was in conjunc- 

3 \ tion, and therefore &rthest, they happened later. He thence 

, ^ inferred that light was propagated with a finite velocity, and 

• ; that the difference between the computed and observed times 

- was due to the change of distance. This difference is found 

f 
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telescope, having passed through one of the apertures in the 
revolving wheel, and is received perpendicularly on the mirroi 
in the focus of the second. It then returns by the same route, 
and is received by the eye at the eye-glass of the first tele- 
scope. The distance of the two telescopes m M. Fizeau's ex- 
periments was 9440 yai'da. The revolving dJsc had 720 teeth, 
and was connected with a counting apparatus which measured 
its velocity of rotation. The first eclipse took place when the 
wheel made 1 2-6 revolutions in a second. With double the ve- 
locity, thelight was again visible ; with treble the velocity, there 
was a second eclipse, and so on. The mean result of the experi- 
ments gave 196,000 miles, nearly, for the velocity of light. 

(12) Let us now proceed to the physical explanation of 

the foregoing facts. 

We have seen that light travels from one point of space 
to another in time, and with a prodigious velocity. Now, 
there are two distinct and intelligible ways of conceiving such 
a. propagated movement. Either it is the same individual bodi/ 
which is found in different times in distant parts of space 
there are a multitude of moving bodies, occupying the entire 
interval, each of which vibrates continually within certain 
limits, while the vibratory motion itself is communicated in 
succession from one to another, and so advances uniformly^ 
These two modes *of propagated movement may be dtstiiM 
guished by the names of the motion of translation and the 
tion of vibration. The former is more familiar to onr though^j^ 
and is that which we observe, when with the eye we toUoi 
the path of a projectile in the air ; or about which we reason 
when we determine the course of a planet in its orbit. iloJ 
tions of the latter kind, too, are everywhere taking ph 
around us. When the surface of stagnant water is agitatcil 
by any external cause, the particles ol'the fluid next the origi 
of the disturbance are set vibrating up and down, and tlii^ 
vibratory motion is communicated to the adjacent particks 
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^d from them onwards, to tlie boundaries of the fluid surface. 
Ul the particles which are elevated at the same instant con- 
^ sUtute what is called a wave ; and that this wave does not 
f ooneiet of the same particles in two siiocesaive instants may be 
1 the movements of any floating body, wliich will be 
observed to rise and fall as it is reached and passed by the 
wave, but not to advance, as it must necessarily do ii' tlie par- 
ticles of the fluid on which it rested had a progressive motiou. 
The phenomena of sound afford another well-known instance 
of the motion of vibration. The -libratory motion is com- 
municated from the sounding body to the ear, through all 
the intervening partidee of the air, thougli each of the aerial 
particles moves back and tbrwarda through a very narrow 

Each of these modes of propagated motion has been ap- 
plied to explain the phenomena of light ; and hence the two 
rival theories — the thcori/ rij eimisio7i and the wave-theory. 
In the former the Inmmous body is supposed to send forth, 
or emit, continually, material particles of extreme minuteness, 
iu all directions. In the latter, the same body is supposed 
to excite the vibrations of an elastic ether, which ai'c commu- 
nicated from pai'ticle to particle, to its remotest bounds. This 
ethereal mediimi is supposed to pervade all space, and to be 
of such extreme tenuity as to afford no appreciable resistance 
to the motions of the planets. 

Such are tlie two systems, some traces of whicli may 

be found even in the recorded opinions of the ancients. 

ll is only within a period comparatively recent, however, 

. lull either of them has been stated formally, or supported 

I'v any show of reasoning. Descartes put forward, very 

■'•linctly, the hypothesis that light consisted of small par- 

I Ils emitted by the luminous body, and he even enJea- 

"iiied to explain the laws of reflexion and refraction on that 

'.|il>oBition. But as Newton was the first to deduce the 

•l|||tematical cunsequences of ihe theory of emission, he has 
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been UBtiolly regarded na iUi uutlior. Tlie wave-1 
propounded by llookc, in the year lfif)4; mid wius devi 
into several ofiu consequences, a Jew years later, 
gena. Let ufl examine eacli of these theories by the only t 
to whicli a physical theory ciin Im; subjected, — namely, 
accordimco of its comcqucncca with phonoincna. 

(13) The fundamental aesumption of the theory of ei 
aion — the hypothesis that light conaistH niltodies moving \ 
on immense velocity — would appear to be easily siibmit 
to the test of experiment. If theweiglit of a molecule 
light amounted to but one grain, its raomcnlum would ec 
that of 0. cannon-ball, 150 pounds in weight, moving v 
the velocity of 1000 feet in a second. The weight o 
single molecule may be assumed to be many millions of tii 
less than what has been here supposed ; but, on the ot 
hand, many milliona of such molecules may be mode to act 
gether, by concentrating them in the foci of lenses or rairr 
and the effects of their impulse might be expected in 
manner to be rendered evident. 

This apparently easy test of the materiality of light 
appealed to by many experimental philosophers of the ! 
century, and with various results. The effects observed b 
been traced, with much probability, to extraneous causes (s^ 
as aerial currents produced by unequal temperature) ; and % 
now universally conceded tliat no sensible effect of the imp\ 
of light has been ever perceived. Tlie experiments of Mr. B 
net seem to be decisive on this point. In these expcrimenl 
slender straw was suspended horizontally by means of a eiiJ 
fibre of the spider's thread. To one end of this delicately 9 
pended lever was attached a small piece of white paper, a 
the whole was inclosed in a glass vessel, from which the 
was mthdrawn by the lur-pump. The suns rays were 
concentrated by means of a large lens, and suffered to full u| 
the paper, but without any perceptible effect. 



:i 



PROPAGATION OF LIGHT. 11 

I (14) But the actual velocity of light is not the only diffi- 
•^^ty which the theory of emission has to encounter at the 
ery outset. It has been further proved that this velocity is 
Jiie and the same^ whether the light is directly emitted from 
the sun or a fixed star, or reflected from a planet or its satel- 
lite ; that it is, in short, independent of the luminous source, 
as well as of the subsequent modifications which it under- 
goes in the celestial spaces. It is not easy to account for 
these facts in the theory of emission. The emissive force, 
required to produce the known velocity, is calculated to be 
more than a million of million times greater than the force 
of gi'avity at the earth's surface ; and it can hardly be sup- 
posed that this prodigious force is the same for all the various 
and independent bodies of the universe, and that it acts 
equally on all the particles of light, so as to generate in them 
the same velocity. Yet even this assumption will not avail. 
Laplace has shown, that if the diameter of a fixed star were 
250 times as great as that of our sun, its density being the 
same, its attraction would be suflScient to destroy the whole 
momentum of the emitted molecules, and the star would be 
Invisible at great distances. With a smaller mass there will 
be a proportionate retardation, so that the final velocities will 
be different, whatever be the initial ones. The suggestion of 
M. Arago seems to offer the only way of escaping the force 
of this objection. It may be supposed that the molecules of 
light are originally projected with different velocities, but 
that among these velocities there is but one which is adapted 
to our organs of vision, and which produces the sensation of 
Ught. 

The uniform velocity of light is, on the other hand, an 
immediate consequence of the principles of the wave-theory. 
It follows from these principles, that the velocity with which 
vibratory movement is propagated in an elastic medium de- 
pends in no degree on the exciting cause, but varies solely 
yiixXh the elasticity of the medium and its density. If these 
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then be supposed to be unijurm in tlic vu6t epacca wbich 
terveoe between the materuil bodies of the universe, tfaevi 
locitj will be tbc sainc, whatever be the luminous ori^. 

(Ifl) The rectilinear motion of light has long been tags 
in favour of the theory of emission, and against the wavt 
theory. If light coneiats in the undulations of au ethera 
medium (it has been Baid), aa sound consists in the imdulatimi 
of the air, it should be propagated in all directions from eviir 
new centre, and so bend round interposed obstacles. Tin 
luminous objects should be visible, even when an obstadei 
between them and the eye, just as sounding bodicB are heo^ 
though a dense body may be interposed between them w 
the ear, and sbadouis could not exist. 

To this objection, which was that chiefly urged by Nci 
ton himself, it might be enough to reply, that though tiIb 
tory motion in an chiatic medium is propagated in all dtflj 
tiona from every new centre, yet there is no reason to conoid 
that it ia propagateil with the aaine intensity in every diji| 
tion, however inclined to that of the original wave. In ^ 
analogy fumislies grounds fur an opposite conclusion ; 
there are a multitude of facta which prove that sound ie 
propagated with the same intensity in all directions, howei 
inclined to the direction of the oiiginal motion. Now, 
there be any difference between the intensity of the direct II 
lateral propagation, this diflerence may be ever so great ; i 
the ethereal medium may be so constituted that the intGnail| 
of the laterally-propagated vibration shall be insensible. 

But the solution of tlie difficulty rests upon more sdl 
grounds than analog)-. A more minute examination 
the nature and laws of vibratory motion has, in fact, shoi 
tliis to be the case, as respects the luminiferoua waves, 
has been proved, that whatever be the intensity of the parti 
waves of the etlier, which ai'e [iropagated laterally round anJ 
interposed obstacle, the total liifht resulting from their mm 
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Lction muBt degrade rapidly ; and the luminous fringes which 
»ave been observed within the ahadowa of bodies do, in fact, 
■epresent the intensities resulting (rom these latcnd waves, 
vhen submitted to the most rigid mathematical calculation. 



(16) Let us now proceed to consider, somewliat more 
ifiinutely, the nature of a wave and its mode of propagation. 

Let ns conceive, then, a cord stretched in a hovizonial 
lOBition, one end being attached to a fixed point, and the 
>tlier held in the hand. If the latter extremity be agitated, 
»y the motion of the band up and down, a series of waves 
vill be propagated along the cord, each of which will advance 
inifomiiy. Here it is evident that each particle of the cord 
las merely a vibratory motion in a vertical direction. But 
IS this vibratory motion is communicuted from each [jarticle 
;o the next, along the whole length of the cord, — it will 
<>llow that some of the particles reach their highest posi- 
;ion, when others are in the lowest ; while other particles, 
ntermedJate to these, arc neither in their highest nor their 
owcst position, but in aome intermediate state of their vibra- 
ion. Thus, while each particle moves only to and fro verti- 
:al]y, an undulation or wave is propagated horizontally along 
;he string ; and there will be a succession of similar undula^ 
^ions as long aa the original disturbance continues. The 
■>artlcle8 a, a', a", or the par- , ^„ 

:iclea b, b', b", &C., arc said '~\ /""\_/''~^V_^ 
;o be in similar p/iase* of vi- t 6' 6 

aration. The wave, or undulation, consists of all the par- 
;icles between two which are in similar phases,— as between 
X and a, or between b and b' ; and the length of a wave is the 
listance between them, oatimatcil in the direction in which 
the motion is propagated. It is evident from this description 
Lhat a wave, or undulation, comprises particles in every phase 
of their vibration. 

Now, instead of a single string, let na suppose an infinite 
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number, all diverging fVom the eame centre; and let tia Hn[v 
pose that they are each ninde to undulate by a disturbing 
action nt that centre, acting in a eiinilar manner, and in tlie 
same degree, on nil. It ia obvioua, then, that an andulation 
will ho propagated along all the atringe ; and that these undu- 
lations will bo equal in magnitude, and will l>e propngated 
with the flame velocity, provided the strings be equal in 
sion, elasticity, and other respects. In this case, then, eintt- 
lar waves will be propagated to points equally distant fron 
the origin of disturbance in the same time ; and all the poiiitl 
which are in a similar phase of vibration will be sitxtated oa 
the surface of a sphere, of which that origin is the centre. 

In the place of the actual strings we have been oone^ 
deritig, let us imagine rows of ethereal particles conneotai 
by their mutual actions, and all that has been said i 
apply to the propagation of light, the luminous body 1 
the source of disturbance. The length of the wave ia tl 
distance, estimated in any direction from the centre, of tt 
particles which arc in similar phases of vibration ; and it it 
therefore the space through which the vibratory moyemest 
is propagated in the time of a single vibration. Accordingljv 
if X denote the length of the wave, r the time of vibratdoBi 
and V the velocity of wave-propagation, 



(17) We have hitherto considered the propagatioii 4 
vibratory movement without reference to any diversity j 
its nature. It is obvious, however, that vibrations may diffi 
from one another in two particulars, — namely, in the space i 
vibration, and in the time. In the aerial pulses the amplitaj 
of the vibration determines the loudness of the sound ; 
the frequency of the pulses, or the time of vibration, detc 
mines its note. In like manner, the amplitude of the etket 
vibrations determines the intensify of the Urjkt ; and thd 
frequency, or the period of vibration, determines the cofos 
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be, two liglits may differ from one ftnother in intensity and 
Hir, the former depending (according to the wave-theory) 

e apace of vibratiooj and the latter on the lime. 

But though the intensity of the light ia obviously depen- 

t on the ajnptitude of the vibration, yet it does not appear, 

', by what power of the amplitude it is to be represented. 

Ifect, we niuat define what we mean by a double, triple, &c. 

tntity of light, before we can know how that quantity is to 

latbematically measured. If then we say that a double 

i the sum of the lights produced by two luminous ori- 

) of equal intensity, placed close together, it ia easy to 

we that the quantity of light, in general, is measured by 

I square of the amplitude of the vibration. From this it 

pwB tliat the intensity of the light diverging from any lumi- 

B origin must decrease inversely aa the aquare of the dis- 

1 for, from the laws of wave propagation it appears that 

BEpoce of vibration diminiabes in the inverse simple ratio of 

tdistanee. Thus the known law of the variation of the in- 

Bsity of light is deduced from the principles of undulatory 

liropagatfou. 



(18) The colour of the light (it has been said) depends 
n]i the number of impulses which the nerves ol' the eye receive, 
in a given time, from the vibrating parliclea of the ether, — 
tlie aensation of i!(ofc( being produced by the most frequent 
vibrations, and that of red by the least frequent. But the 
number of vibrations performed in a given time varies inversely 
i- the time of a single vibration; the colour of the light, 
iiLiefore, variee with the time of vibration, or with the feW(?fA 
I'fthe wave in a given medium. By experiments, which will 
lio described hereafter, it has been found that the length of n 
- wave, in air, corresponding to the extreme red of the epectrara, 
^^^6 ten-million ths of an inch, and that corresponding to the 
me violet IfiT ten-millionth s. The length of the wave 
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con%B])onding to the ru^ of nieuii rcrmngiliility is nearly 20t 
ten-millionths, or jo^co^^ of an inch. 

It nppcare, then, that the sensibility of the eye ia confinoJ 
within much narrower limits thnn that of the car ; the ntis 
of the times of the extreme vilirations which affect the ej( 
being only that of 1-58 to I, which ia less than the ratio oftli 
tiiuee of vibration of a fundamental note and its octave. Tha 
is no reason for snppoBing, however, thai the vibrations then 
selves are confined within these limits. In fact, we Icnow tl 
there are inviiible rays beyond the two extremities of the spec 
tnim, whose periods of vibration (and lengths of wave) e 
fill! without the limits now stated to belong to the rialUl 
rays. 

(19) The aberration of light, it has been said, resultB fiw 
the movement of the Earth in its orbit, combined with tk 
movement of liyht. Nothing can be simpler tlian its esjJfc 
nation in the theory of emission. In fact, we have only t| 
combine the two coexisting motions according to the knou 
mechanical law, and the apparent direction of the atar ia ti 
of their resultant. The angle between this direction, andtli 
of the principal component, Is called the aberration. 

In order to esplain this phenomenonj in accordance w 
the principles of the wave-theory, it seemed necessary to 91 
poae that the ether which encompasses the Earth does notn 
ticipate in its motion, so tliat the ethereal current producedll 
then- relative motion pervades the solid mass of the Earft 
"as freely," to use the words of Young, "as the wind r 
through a grove of trees." Fresnol has developed this hypfl 
thesis, and has shown that it suffices to explain other p 
mena also, in which the Earth's motion le concerned. Proifi 
Bor Stokes has lately shown that tlie same results may ! 
deduced from a more plausible Iiypothesis relative to 
mutual dependence of the ether and the Earth, 
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! (20) When light meets the surfitce of a neiv medium, a 
portion of it is always turned back, or reflected. 

The reflexion of light is twofold. Thua, when a beam of 
eolar light is admitted into a darkened chamber through an 
aperture in the window, and is allowed to fall upon a mefallic 
mirror, a reflected beam is seen pursuing a determinate direc- 
■tion after leaving the mirror ; and if the eye be placed in this 
direction, it will perceive a brilliant image of the sun. Thia 
l>eam is said to be regularly reflected, and its intensity increases 
Tvith the polish of the mirror. But it is observed also, that 
in whatever part of the room the eye is placed, it can always 
distinguish the portion of the mirror which reflects the light; 
8ome of the rays, consequently, are reflected in all directions. 
This portion of the light is said to be i7~re(fularlif reflected, and 
its intensity decreases with the polish of the mirror. 

Irregular reflexion is due, mainly, to the inequalities of the 
reflecting surface, which is composed of an indefinite number 
of reflecting surfaces in various positions, and which therefore 
reflect the light in various directions. 

(21) The angles of incidence and reflexion (or the angles 
which the incident and reflected rays make with the perpen- 
dicular to the reflecting surface at the point of incidence) 
fire in the same plane, and are equaL Thia law is universally 
tiiie, whatever be the nature of the light itself, or that of the 
body which reflects it. 



I The intensity ofthe reflected light, on the other band, 
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angles which the portion of the ray within the priem 
with the same, then the deviations at inddence and emei 
are, respectively, ^ - ^, and ^'-xf/ ; and the total devii 
S » ^ + ^'- (i/> + xpy Now, it is easily shown that the 
braic sum of the angles, which the portion of the ray 
the prism makes with the two perpendiculars, is equal to 
vertical angle of the prism ; or, denoting this angle bj 
that 

wherefore 

S = ^ + ^' - a. 

(26) When a ray of light is incident nearly perpoA 
cularly upon a thin prism, the total deviation is oonstant, aol 
bears an invariable ratio to the angle of the prisnu 

For in this case the angles of incidence and re&actioii,beag| 
small, are proportional to their sines, so that 

ip = li^i ♦' = A*^'; and ^ + ^'=^(^// + )//')=^t£a• 
Hence 

S = (/i- l)a. 

(27) The deviation produced by a prism is easily deta^ 
mined when the angles of incidence and emergence are equal 

For we have seen that, generally, 

^ + ^' = a + 8, i// + ^' = a. 

But since, in this case, ^ = 0', there is also xp^xp' ; and cob-j 

sequently 

= i (a + 8), ^ = ia. 

Hence we have 

sin i (a + 8) = ^ sin ^a ; 

from which a + 8, and therefore 8, is determined. 

It may be shown that the angle of deviation, in this casc^ 
is the least possible ; and accordingly, if the prism be tumel 
slowly round its axis, the inclination of the emergent to tb 
incident ray will first decrease, and afterwards increase, sq^ 
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for a moment to be stationary between the opposite 
Bt^bhimges. By thk principle it is easy to place a prism, experi- 
-r vientally, in the position in which the refractions are equal 
E mt both sides. 

, (28) We are now enabled to determine the refractive 

, index of a transparent soUd experimentally. 

The first step of this process is to polish two plane faces, 
inclined to one another at a sufficient angle, and to measure 
that angle by a goniometer. This being done, the prism is to 
be placed, with its refincting edge vertical, before the object- 
or glass of the telescope of a theodolite, so as to refract to the 
s cross wires in its focus the rays proceeding from a distant mark. 
The prism is then to be turned slowly round its axis, and the 
^ tdescope moved, until the deviation is a minimum. The ho- 
rizontal circle being read, and the prism removed, the tele- 
scope is to be turned directly to the distant mark, and the 
reading repeated ; the difference of the two readings is the 
deviation. The angle of the prism and the deviation being 
obtained, the refractive index is given by the formula, 

' 8ini(a + 8) 

' '^ • sin ^a ' 

To determine the refractive index of a fluid, we have only 
to inclose it in a hollow prism, whose sides are formed of glass 
plates with parallel surfaces. For the course of the ray will 
be the same as if it had been incident directly from the air into 
the fluid, and had emerged similarly, without passing through 
the glass. 

(29) Let us now proceed to the physical explanation of 
the phenomena. 

To account for the phenomena of reflexion and refraction, 
it is supposed, in the theory of ^nission, that the particles of 
bodies and those of light ex^t a mutual action ; — ^that, when 
they are nearly in contact, this acti<m is attractive ; — that, at 
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a distance a little greater, ttie attractive force is changed into 
a repulsive one ; — and that these attractive and repulsive fona 
succeed one anotlier for many altemationa. Nothing can be 
more reasonable than this hypotliesia, granting that light is 
material ; Ibr the succession of attractive and repulsive forces, 
here aasunied, is altogether similar to that to which the 
kuowu plieuomena of molecular action are ascribed. 

On these suppositions Newton has rigorously deduced the 
laws of reflexion and refraction. In the case of reflexion, itii 
shown tliat the whole perpendicular velocity of the molecule u 
restored to it in an opposite direction, by the operation of the 
supposed repulsive force ; and, therefore, that the angles whioli 
its path makes with the perjiendicular to the surface, before and 
after reflexion, are equal. In the case of refraction, it is proved 
that the effect of the attractive force is to increase the square 
ol the perpendicular velocity of the molecule, by an amount 
which is constant for the same medium ; from which it follows, 
that the sines of the angles which its course makes with the 
perpendicular to the surface, before and after refraction, are 
in the inverse ratio of the velocities in the two media. This 
problem was the first in wliich the effects of molecular forces 
were submitted to calculation; and its solution is justly 
garded as forming an era in the history of science. 



(30) But although the theory of emission is suc( 
in explaining the laws of reflexion and refraction, considered 
as distinct phenomena, it is by no means equally s 
counting for their connexion and mutual dependence. ^WTieu 
a beam of light is incident on the surface of any transparent 
medium, part is in all cases transmitted, and part reflected: 
the intensity of the reflexion being less, the less the difference 
of the refractive indices of the two media, and the refiexioa 
ceasing altogether when this difference vanishes. How is it, 
then, that some of the molecules obey the influence of the re- 
ulsive force, and are reflected, while others yield to tla 
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attractive force, and are refracted ? To account for this, New- 
s ton was obliged to have recourse to a new hypothesis. The 
m molecules of light, in their progress through space, are sup- 
: posed to pass continually into two alternate states, or fits, 
- which recur periodically and at equal intervals. While in one 
of these states, called the^^ of easy reflexion^ they are disposed 
to obey the repulsive or reflective forces of any body which 
they meet ; and, on the other hand, they yield more readily 
to the attractive or refractive forces, when in the alternate 
state, or^^ of easy transmission. Now, the molecules com- 
posing a beam of common light are supposed to be in every 
possible stage of these fits, when they reach the surface ; — 
some in a fit of reflexion, and others in a fit of transmission. 
Some of them, consequently, will be reflected, and others re- 
fracted, and the proportion of the former to the latter will in- 
crease with the incidence. 

To account for the fits themselves, Newton assumed the 
existence of an ethereal medium, analogous to that of Huy- 
gens, although he did not assign to it the same office. The 
molecules of light were supposed to excite the vibrations of 
this ether, just as a stone flung into water raises waves on its 
surface. This vibratory motion was supposed to be propa- 
gated with a velocity greater than that of the molecules ; so 
as to overtake them, and impress upon them the disposition 
in question, by conspiring with or opposing their progressive 
motion. In one of his queries Newton has even calculated 
the elastic force of this ether, as compared with that of air, 
in ord^ that the velocity of propagation should exceed that 
of light. 

(31) The hypothesis of the fits has lost much of its credit, 
since the phenomena of the colours of thin plates (phenomena 
which first suggested it to the mind of Newton) have been 
shown to be irreconcilable with it. The explanation which 
it yields of the facts now under consideration is alike un- 
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satisfactory. In fact, the molecules wMcli are transmitted 
are not all in the maximum of the fit of tranamieaion ; but ate 
supposed to reach the surface in ever)/ possible phase of this, 
which may be called the positive fit. But as a change of the 
fit from positive to negative ib, in geneial, sufficient to over- 
come altogether the effect of the attractive force, and subject 
the molecule to the repulsive one, it is obvious that the phase 
of the fit must modify the effects of these forces in every inter- 
mediate degree; and that the molecules which do obey the 
attractive force mudt have their velocities augmented in diffe 
rent degrees, depending on their phase. Hence, as the direc- 
tion of the refracted raj depends on its velocity, the transmitted 
beam should consist of rays refracted iu widely different angles, 
and should be scattered and irregular. 

(32) Let us now turn to the account which the other 
theory gives of the same phenomena, and of their laws. 

The velocity of propagation, in the wave-theory of Light, 
depends on the elasticity of the vibrating medium as compared 
with ita density. In the same homogeneous medium the ve- 
locity will be therefore constant, and the wave propagated 
from any centre of disturbance spherical. But when a wave 
reaches the surface of a new medium whose elasticity is diffe- 
rent, it will give rise to two waves, one in each medium, 
both differing in position from the oi-iginal wave. For it is 
obvious that, in general, the several portions of the incident 
wave will reach the bounding surface at different moments of 
time. Each of these portions wiU be the centre of two new 
waves, one of which will be propagated in the first medium 
with the original velocity, while the other will be propa 
in the new medium, and with the velocity which belongs to 
it ; BO tliat there will be an infinite number oi partial 
both media, diverging from the several points of the bounding 
surface. But, by the priucijile "f the coexistence qf small 
*-■ *!..- »»:«■.. *t,^.. «i' ««„ . ^^ .*■ *!i.L. — ,!:.,-„ t 



motions, the agitation of any 



jf either medium is the 
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sum of the agitations sent there at the same instant from these 
several centres of disturbance. The surfaces on which these 
are accumulated will be the reflected and refracted waves, and 
they are obviously those which touch all the small spherical 
waves at any instant. 

Thus, let mn be the front of 
tiplane wave, meeting the reflect- 
ing surface at m. Each portion 
of this wave, as it reaches the sur- 
£ice, becomes the centre of a di- 
verging spherical wave in the 

first medium, which will be propagated with the velocity of 
the original wave. Accordingly, when the portion n reaches 
the surface at A, the portion m will have diverged into the 
spherical wave, whose radius, moy is equal to nk. And, in like 
manner, if iwV be drawn parallel to iwn, the wave diverging 
from m' will in the same time have reached the spherical sur- 
fece whose radius, nio\ is equal to nk. The surface which 
touches all these spheres at any instant is that of the re- 
flected wave. But, as mo and m'o are proportioned to mk 
and m'A, it is obvious that this tangent surface is plane ; and 
since mo = nA, and the angles at n and a are right, it follows 
that the angles nmk and okm are equal, — or that the incident 
and reflected waves are equally inclined to the reflecting sur- 
face. 



(33) The proof of the law 
of refraction is in all respects 
analogous to the preceding. 
Let mn be the position of the 
incident plane wave at any mo- 
ment. In an interval of time 
proportional to nA, the por- 
tion n of this wave will have 
reached the sur&ce at A, and the portions m and m will have 
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become the centres of divergiog spherical waves in tlie 
eccond medium, — the radii of these spheres, mo and mo: 
being to the intercepU, nk and n'k, is the constant ratio 
ol' tlic velocities of propagation in th^ two media. The 
surface which touches these spheres is that of the refracted 
wave. It is obvious, as before, that it is plane ; and, since 
sin ntnh : sin mko :: nki mo, wo learn that the sinea of the 
angles which the incident and reixacted waves make with 
the refracting surface are in the constant ratio of tlie velocir 
ties of propagation. 

(34) Such is the demonstration of the laws of reflexion j 
and refraction given by liuygens. The composition of the 
t/rmitl or primary wave, by the union of the several secon- 
dary or partial waves, in this demonstration, has been deno- 
minated the principle of Huygeii» ; and it is obviously a case 
of tliQ more general principle of the co-existence of small mo- 
tions. It easily fojlows from this mode of composition, that 
the surface of the primary wave marks the extreme limits to 
which the vibratory movement is propagated in any given 
time ; so that light is propagated from any one point to another 
in the leant possible time. This is the well-known law of 
Format, — the law of swiftest propagation; and it will ap- 
pear from what lias been stated, that it holds, whatever be 
the modifications which the course of the light may undergo 
by reflexion or refraction. 

This law may be thus enunciated : — " The course pursued 
by any reflected or refracted ray is that which would be de- 
scribed in the least jinssible time, by a body moving from 
any point on the incident to any point on the reflected or 
refracted ray." If / therefore denote the length of the path 
described by the incident light, between any assumed point 
and the point of incidence, /' the corresponding length of the 
path described by the refracted light, and v and v the velo- 
dties of propagation in the two media, the sum of the times, 
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t r 

^. ^ w* ^ ^ "^^"™p™ 9 or, multiplTing by v, and denoting the 

^^^tio ^ by PL, 

•^ / + ^f = minimum. 

j^ " ^1^ constant factor, /i, is the refractive index of the medium. 

["* . lathe case of reflexion, /i « 1, and /+/' is a minimum. 

'^Qie course pursued by a reflected ray is therefore such, that 

«he sum of the paths described between any two points and 

the reflecting surface is the least possible. 

(35) The intensity of the light, in the reflected and re- 
fiicted waves, will depend on the relative densities of the ether 
in the two media. For we may compare the contiguous strata 
of ether in these media to two elastic bodies of different 
masses, one of which moves the other by impact ; and it is 
leasy to deduce, on this principle, the intensities of the re- 
flected and refracted lights in the case of perpendicular in- 
cidence. 

(36) On reviewing what has been said, we cannot but be 
stmck by the remarkable fact, that theories so widely op- 
posed as the theory of emission, and that of waves, should 
lead mathematically to the same result. According to both, 
we have seen, the ratio of the sines of incidence and refrac- 
tion is equal to the ratio of the velocities of light in the two 
media, and is therefore constant. But there is this important 
difference between them : in the wave-theory, the sines of 
these angles are in the direct ratio of the velocities, while, 
according to the theory of emission, they are in the inverse. 
In other words, the velocity of light in the denser medium 
is less according to the former theory ; while, according to the 
latter, it is greater. Here, then, the two theories are directly 
at issue upon a point of fact, and we have only to ascertain 
how this fact stands, in order to be able to decide between 
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thom. The important experiment by which tLb was first ac- 
com[iIiahcd was made by Arago ; and the roault, as will k 
ehuwn hereafter, ia concluBive in favour of the wave-theory. 

(37) I'he conclusion deduced from the experiment here re* 
i'crred to preauppoaes the lawa of Interfei'ence of Light — laws 
ivliich, ID themselves, are intimately connected with the prin- 
ciples of the wave-theory. It waa desu'able, therefore, to de- 
duce the same conclusion, if possible, by direct means. The 
experiment by which this ia effected has been recently made 
by M. Fizeau, upon a method devised by Arago ; its prindple 
will be understood from the following description. 

Let a ray of light, reflected by a heliostat, be admitted into 
a darkened chamber in a horizontal direction, and fall upon a 
mirror which revolves about a vertical axis situated in its avra. 
plane. It is manifest that, as the luirror revolves, the reflected 
ray will move, in the horizontal plane passing through the 
point of incidence, with an angular velocity double of that of 
the mirror itself. Now, in this plane let a second mirror be 
placed, perpendicular to the right line joining the ccntrea of 
the two mirrors. Then, when the ray reflected by the re- 
volving mirror meets the fixed min-or, in the course of its 
angular movement, it will be tiu^ed back on its course, and, 
after a second reflexion by the revolving mirror, return to- 
wards the aperture. 

It is plain that if the revolving mirror were for a moment 
to rest in this position, the ray, after a second reflexion by it, 
woidd return precisely by the path by which It came. But, 
owing to the jirogressive movement of light, the mu-ror de- 
scribes a certain small angle round its axis, in the interval be- 
tween the two appulses of the ray ; and the ray, aft«r the 
second reflexion, will rfecio^e from itsfirat position, by an angle 
which is double of that described by the mirror in the interval. 
Hence, if this angle can be observed, the velocity of light 
LH known. 
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For, if ^ be the time taken by the light to traverse the 
interval of the two mirrors, forwards and backwards, the 
angle described by the mirror in that time will be » cuf, cu de- 
noting the angle described by the mirror in the unit of time. 
Hence, the angle desciibed by the reflected ray in the time t, 
or the deviation, «= 2u}t. Let this angle be denoted by o, and 
there is 

2(11 

But the corresponding space is double the distance between 
the two mirrors, or 2a. Consequently, the velocity of the 
light is 

a 

M. Pizeau has been enabled to observe an appreciable devia- 
tion of the reflected ray, when the distance of the two mirrors 
was 4 metres, and the revolving mirror made only 25 turns in 
a second. And as such a mirror has been made to revolve 1 000 
times in a second, it was obvious that the time taken by light 
to traverse even this short distance was capable of being mea- 
sured with precision. It only remained to interpose a column 
of water between the mirrors, to observe the deviation, and 
to calculate the velocity. By these means M. Fizeau has 
established the fact, that the velocity of light is less in water 
than in air^ in the inverse proportion of the refractive indices. 
The result is, therefore, decisive in favour of the wave-theory. 

(38) The refractive index being equal to the ratio of the 
velocities of light in the two media (direct or inverse) it follows, 
whichsoever theory we adopt, that any change in the velocity 
of the incident ray must cause a variation in the amount of 
refraction, unless the velocity of the refracted ray be altered 
proportionally. Now the relative velocity of the light of a 
star is altered by the Earth's motion ; and the amount of the 
change is obviously the resolved part of the Earth's velocity in 
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the dii-ectiun of the star. It was, therefore, a matter 
interest to determine how, and in what degree, this 
affected the refraction. The experiment waa undertaken 
Arago, at the request of Laplace. An achromatic priem ^ 
attached in front of the object-glaaa of the telescope of a 
peatJiig circle, ao as to cover only a portion of the lens. Tbft 
star being then obsert-ed, directly through the uncovered [art 
of the lens, and nftcrwards in the direction in wtiioh its light 
waa deviated by the pi-isin, the difference of the angles read 
off gave the deviation. The stars selected for observativ 
were those in the ecliptic, which passed the meridian nearly 
at 6 A.M. and 6 p.m., the velocity of the Earth being added 
to that of the star in the former case, and subtracted froi 
in the latter. No difference whatever waa observed in the 
deviations. 

This remarkable and unexpected result can be reconciled 
to the theory of emission, aa An^o has observed, only by the 
hypothesis already adverted to,* — namely, that the moleculaa 
are emitted from the luminous body with various velodtiea; 
but that among these velocities there is but one which 
adapted to our organs of vision, and which produces the 
sensation of light. It is explained, in accordance with the prin- 
aples of the wave-theory, on the same hypotheses which have 
been already made to explain the aberration of light ;t and it 
is shown, on these suppositions, that both the laws, and the 
amount of refraction, are independent of the Earth's motion. 
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CHAPTER III. 



DISPERSION 




(39) Wk have hitherto supposed liglit to be simple or ho- 
Vgeneous, The light of the Sun, however, and nio^t of the 
j^ts, Ddtiiml or artificial, with which we arc ncquaintcd, are 
pound, each ray coDaisting of on infinite numher of rays 
ingtn colour and refranifibiliti/. This ini|>orlant disco- 
y weowe to Newton. We shall briefly describe the prin- 
il experiments by which it is established. 



■ (40) When a beam of solar light ia admitted into a dark- 
ened room through a small circular aperture, and received on 
a screen at a distance, a circular image of the Sun will l»e de- 
picted there, whose diameter will correspond to that of the hole. 
If now the light be intercepted by a prism, having its refracting 
edge borizontal and perpendicular to the incident beam, the 
e of the Sun will be thrown upwards by tlie refraction of the 
, and will be no longer white and circular, but coloured 
1 oblvTiff ; the sides which are perpendicular to the axis of 
3ie prism being rectilinear and parallel, and the extremities 
semiciroular. The breadth of tliis image, or gpectrum (as it is 
oalled), is equal to the diameter of the unrefracted image of the 

ti, but its length is much greater. 
Now if the solar beam consisted of rays having all the same 
Eingibilityj the refracted image should be circular, and of the 
same dimensions as the unrefrncted image, from which it should 
differ only in position. For the rays composing the beam, being 
parallel at their incidence on the priaiu, must (on this suppo- 
sition) be equally refracted by it, and therejiamM|uiue paral- 
lel after retinetiop* This uot b<iLBildli^^^^Btoi>clii<le 
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that the raya composing the incident beam are of differtnl 
tkffreet of r^angibtlittj, the more refran^ble rays going to 
form the upper part of the Bpectrum, and the less refrangible 
the lower ; and that the elongation of the solar image, and the 
variety of its colouring, ainse from the separation of these rays 
in their refraction through the prism. 

It further appears that the rays, which differ in refran- 
gibilHy, likewise differ in colour; the spectrum being red atite 
loweit or least refracted extremity, violet at its most refracted 
extremity, and yellow, green, and blue, in the intermediate 
■paccM, these colours passing into one another by imperceptible 
grudutiuns. Sir Isaac Newton distinguished the spectrum, or 
coloured image of the Sun, Into seven principal colours, and 
mcaourcd the Hpacea occupied by each. These colours, ar- 
ranged in the order of their rcfrangiblllty, are red, orange, 
yelloK, green, blue, indigo, violet ;' of which the yellow and 
orange are the most luminous, the red and green next in 
order, and the indigo and violet weakest. i 

Any one of these rays may be separated from the rest by 
tranimitting it through a small aperture in a screen which in- 
torccptM tlio remainder of the light. The ray thus separated 
inay )>c examined ajiart from the rest, and will be found 
to undergo no dilatation, or change of colour, by any subee- I 
qucnt rcfractiona or reflexions. We are, therefore, warranted 
in concluding that the solar light is compound, and consists (rf I 
an infinite number of simple rnjs, which are permanent in | 
theip own nature, but differ from one another both in tbes 
colour and r^angibHity. 

•The imperfection or Newton's classification of colours has been pointed 
ODtb; Profeesor Forbes and others. The indigo oo^ht not to have been dis- 
tinguished from the hlae, the difference to the eye being much less, in kind, 
than between any other two adjacent colours of the scale. We may, there- 
fore, better distribute Che colours of the speclrum intostz, viz., red. orangt, 
ytllow, s/reeti, blue, and viokl, — of which the red, yellow, and blue, majbsre- 
gnrdod its primary colours, and Iho orange, green, and violet, as Mcondiay. 
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j(41) The following experiment may be considered as 
»viiig all doubt on this subject. Close behind the prism 
a board, perforated with a small aperture, through 
the refracted light is permitted to pass. This light is 
received on a second board, similarly perforated, at a 
Itamderable distance from the first ; so that a small portion 
iFihe light of the spectrum is suffered to pass through the 
ture in the second board, the rest being intercepted, 
behind this aperture a second prism is fixed, having its 
parallel to that of the first. The first prism being then 
tamed slowly round its axis, the light of the spectrum will 
jQBoye up and down on the second board, and the differently- 
Doloared rays will be successively transmitted through the se- 
eond aperture, and be refracted by the prism behind it. If 
then the places of these twice-refincted rays on the screen be 
noted, the red will be found to be lowest, the violet highest, 
sad the intermediate colours in the same order as they are in 
the spectrum. Here, on account of the unchanged position of 
the two apertures, all the rays are necessarily incident upon 
the second prism at the same angle ; and yet some of them are 
more refracted, and others less, in the same proportion as by 
the first prism. 

From the foregoing we conclude, then, that the peculiar 
colour and refrangibility belonging to each kind of homoge- 
neous light, are permanent* and original affections, and are not 
generated by the changes which that light undergoes in refrac- 
tions or reflexions. 

(42) In the experiments hitherto described, the analysis 



* Professor Stokes has recently discovered that the refrangibility of light 
does undergo alteration in certain cases, some bodies possessing the pro- 
perty of lowering the refrangibility of the incident light — that is, of emitting 
rays of a lower refrangibility, when excited by those of a higher. This pro- 
perty belongs to the solution of sulphate of quinine, and to certain coloured 
glasses. Professor Stokes has denominated \t fluorescence, 

D 
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of eolar light, or its resolution into its simple components, is 
far frODi being complete, inasmuch as there is a considerable 
mixture of the different species of simple light in the spectrum. 
This will be evident, if we consider that, as the several pencils 
of Aomo^cKfloKi light suffer no dilatation by the prism, each will 
depict on the screen a circular image, efjual in magnitude to the 
imrefracted image of the Sun at the same distance ; so that the 
spectram consists of innumerable circles of homogeneous light, 
whose centres are disposed along the same right line, and whose 
common diameter is that of the Sun's unrefracted image- 
Wherefore the number of such circles mixed together in the 
spectrum, is to the corresponding number in the unrefracted 
image of the Sun, as the interval between the centres of two 
contingent circles (or the breadth of the ppectrum), to the in- 
terval between the centres of the extreme circles, which is the 
length of the rectilinear sides. The mixture in the spectrum, 
therefore, vaiies as the breadth of the spectrum divided, by 
ita length; and if the breadth ca. be diminished, the length 
remaining the same, the mixture will be diminished in pro- 
portion. 

There are various ways of diminishing the breadth of the 
spectrum, or the diameter of the Sun's unrefracted image, 
amongst which that of Newton seems as convenient in prac- 
tice as any. The solar beam, admitted through a small circular 
aperture, is received upon a lens of long focus, at the distance 
of double its focal length from the aperture ; and at the same 
distance beyond the lens will be formed a distinct image of 
the hole, equal to it in maguitude. A prism being then placed 
immediately behind the lens, this image will be dilated in 
length, ita breadth remaining unaltered, and thus a spectrum 
will be formed whose breadth is the diameter of the hole ; 
whereas, without this contrivance, the breadth would be equal 
to that diameter, together with a line which (at the distance 
of the screen from the hole) subtends an angle equal to the 
apparent diameter of the Sun. Thus, by diminishing the 
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diameter of the aperture, the breadth of the spectrum, and 
therefore the mixture, may be reduced at pleasure. 

If the diameter of the aperture be very small, the spectrum 
is reduced to a narrow line, and is unfit for examination. To 
remedy this, Newton employed a narrow rectangular aper- 
ture, whose length, parallel to the axis of the prism, may be 
IB great as we please, while its breadth is very small. In this 
manner we obtain a spectrum as broad as we wish, and whose 
light is as simple as before. 

(43) In order to determine the laws of dispersion^ it is 
necessary to find experimentally the indices of refraction of 
Uie seyeral species of simple light, of which solar light is 
eomposed. 

Newton's method was to determine the refractive indices 
of the extreme red and violet rays directly by means of the 
formula of (28), and to deduce those of the other rays by a 
simple proportion. 

When the refiracting prism was of crown-glass, the indices 

77 78 
of refiraction of the extreme rays were found to be — r, ^7:5 rc- 

flpectively. To determine the refractive indices of the in- 
termediate rays, it was necessary to measure the spaces which 
they occupied in the spectrum. For this purpose Newton 
delineated on paper the spectrum AHAa, and distinguished 
it by the cross lines Aa, j^ g s e *f r h a 
Bi, Cc, &c., drawn at /' 1; 
the confines of the seve- \ \ 

ral colours ; so that the '^^ «~^ ^ bt— ct— a 

space ASba is that occupied by the red light, BCc6 that by 
the orange, CDc/c the yellow, DE^rf the green, EF/<? the blue, 
FG^the indigo, and GYihg the violet. He then found that, 
if the whole length of the rectilinear side, AH , be taken as 
unit, the distances to the confines of the several colours, 
AB, AC, AD, &c., will be denoted by the numbers j^, }, 

d2 
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h h h i- Now the intervalB AB, BC, CD, &c., o 
pied by the Bcveral oolotira in the spectrum, or the differences 
of the devialions which they subtend, are to one another 
aa the coiTesponding varialiona ol' the index of rel'raction 
If, therefore, the whole variation of;*, or jJq, be divided as the 
line AH is in the points B, C, D, &c., the refractive indices 
of the rays at the confines of the several colours will be aa 
follow: — 

7777J77i77J77J77|77|7B 



The mean refractive index i 

from the preceding that it belongs to the rays at the con^ 
fines of the green and blue. 

(44) The intensity of the light ia very diflPerent in the dif- 
ferent parts of the apectrum. According to the experiuienta 
of Frannhofer, the following numbers i-epresent the intensi- 
ties of the light in ench of the coloiu-ed spaces, the maximum 
intensity (which occurs at the confines of the ycUow and 
orange) being represented by 1000; viz., red, 94; orange, 
640 ; green, 480 ; blue, 168 ; indigo, 31 ; violet, 6. 

(45) On a minute examination of the solar spectrum, when 
every care has been taken in making the experiment, it ia 
found that it ia not, as Newton aupposed, a continuous band 
of coloiu'ed light, whose intensity is greatest about the con- 
fines of the yellow and orange, and diminishes regularly to the 
two extremities ; but that, on the contrary, there are at cer- 
tain points abri^ deficiencies of tight, total or partial, indicated 
by the existence of numerous dark lines or bands, crossing 
the spectrum in the direction of its breadth; while in the in- 
termediate spaces the intensity of the light doea not increase 
or decrease continually, but varies irregularly, or according to 
some very complex law. Solar light, then, does not eonaist 



DISPERSION. 37 

(as has been hitherto supposed) of rays of every possible i e- 
fiungibility, withm certain limits, for it is found that many 
rays corresponding to certain degrees of refrangibility are 
wanting in the spectrum. 

Some of these lines are wholly black ; others dark, of va- 
rious degrees of illumination. Again, some of them are well 
defined and single; others are clustered together, so as to 
present the appearance of dark bands. They are irregularly 
disposed throughout the length of the spectrum. They are 
not, however, the result of any accidental cause ; for, when 
solar light is used, and the refracting substance is the same, 
it is found that they preserve the same relative position^ both 
with respect to one another and to the colours of the spectrum. 
On the other hand, when the refracting substance is varied, 
their relative positions with respect to one another are altered : 
but their positions as referred to the colours of the spectrum, 
as also their relative breadth and intensity, remain un- 
changed. 

(46) If other kinds of light— as that of i\\Q Jixed stars, 
flames^ the electric spark — are examined in the same way, 
similar bands are discovered, but differing in each species of 
light in their position, &c. ; so that each species of flame, and 
the light of each fixed star, has its own system of hands, which 
remains unalterable under all circumstances, and which, there- 
fore, is a distinct physical characteristic of the species of light 
to which it belongs. Thus the light of the electric spark has 
bright bands, instead of dark ones. The flames of oil, hydro- 
yen^ and alcohol, have each a brilliant line between the red and 
the yellow. The red flames coloured by nitrate ofstrontian ex- 
hibit a brilliant blue line, which is detached from the rest of 
the spectrum ; and the salts of potash give rise to a remarkable 
red ray, beyond the limits of the ordinary red of the spec- 
trum, and separated from it by a dark interval. On the other 
hand, the spectrum of the flame of cyanoyen exhibits great re- 
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gularity, QB well in the disti-ibutton oi' the dark bands, as m 
the intensity of the intervening luminous spaces. 

These bands depend on the rapidity of tho combustion. 
Thus sulphiu-, when burning slowly, exhibits blue and green 
bands in the spectrum ; in rapid combustion, its light is nearly 
homogeneous. 

(47) These^xed lines, as they are called, were first noticed 
by "Wollaston, in the year 1802. They have since been much 
more tidly examined by Fraunhofer, who distinguished 590 
in the solar spectrum, of which he has delineated 354. Of 
these he has selected seven principal ones, to serve aa stan- 
dards of comparison, and has designated them by the letters 
B, C, D, E, F, G and H. Of these, B and C are single lines 
in tl»e red portion of the spectrum, the former near to its ex- 
tremity ; D is a double line, at the confines of the orange 
and yellow ; E is a group of fine lines in the green ; F is a 
strongly marked black line in the blue; G is a group of fine 
lines in the indigo ; and H is a similar group in the violet, 
clustered round one much stronger line. They are of the ut- 
most importance in optical investigations. On account of the 
accuracy of their delineation, their position may be observed 
with an accuracy equal to that of astronomical measurements, 
and the refractive indices of the rays, to which they correspond, 
thus determined with the utmost exactness. 

(48) The dispersion of a ray which passes nearly perpen- 
dicularly through a thin prism is easily expressed. 

If S| and Sj denote the deviations of the red and violet 
rays, ^, and fia the refractive indices of the prism for those 
rays, and a its refracting angle, we have 
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Aocoidingly the dispersioii, in this case, is equal to the angle 
of the prism multiplied by the difference of the refractive 
indices. 

(49) The dispersive power of a substance is measured, — 

not by the absolute dispersion, which varies in general with 

the angle of re&action, — but by the ratio which that quantity 

8-8 
bears to the total deviation, or by -^ — ^. But, in the case of 

a ray which passes nearly perpendicularly through a thin 
prism, this ratio is constant; for, dividing the third of the 
equations of the preceding article by the first, 
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The dispersive power, therefore, is measured by the difference 
of the refractive indices of the red and violet rays, divided by 
the refractive index of the former mtntts unity. 

m 

(50) Newton supposed that the dispersive powers of all 
substances were the same. He was led to this erroneous con- 
clusion, by observing that when a prism of glass was inclosed 
in a prism of water with a variable angle, their refracting an- 
gles being turned in opposite directions, the emergent ray was 
coloured when it was inclined to its original direction ; while, 
on the other hand, it was colourless whenever, by varying the 
angle of the water prism, the refractions of the two prisms 
were made to compensate each other, or the ray to emerge 
parallel to the incident ray. Hence he concluded that the dis- 
persion was always proportional to the total deviation ; and 
that refi'action could never take place without a separation of 
the refracted ray into its coloured elements. 

When Newton's experiment with the two prisms was re- 
peated a long time after, by Dollond, he found that the re- 
sults were exactly the opposite to those stated by Newton ; — 
that, in fiwt, the emergent ray was coloured^ when the devia- 
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tion was nothing, or the raj parallel lo its original directionj 
and that, on the other hand, when the diapersions of the two 
prisms were made to correct each other by varying the angle, 
so that the ray emerged colourless, their refractions were 
longer equal, and the ray was inclined to its original directi 
This important discovery led to the construction of the achro- 
matic telescope. 

(51) It is easy to determine the condition of achromatisio, 
when a ray of light passes nearly pei-pendicularly through two 
prisma, whose refracting angles are small. 

The dispersions produced by the twopriamaare {iti-fi\) 
and {fxi - 111") o', respectively (48) ; and, therefore, when tl 
total dispersion is nothing, we must have 

{fi, - ^,) « ^■ (^=' - A".') «' =0, or ^' = - ^A^^^.. 

The negative sign, in the second member, indicates that the 
angles of the two prisms must be turned in opposite ways. 

(62) In order to ascertain the relative dispersive powers 
of different BubstanceB, they must be separately compared with 
some standard substance, such, e.g., as water. For this 
purpose a vessel must be constructed, whose opposite sides, 
formed of parallel glass, are moveable on liinges, and may be 
inclined to one another at any angle. It ia closed on the other 
two sides by metallic cheeks, to which the moveable sides are 
accurately fitted. The vessel being filled ivith water, it is 
evident that the transmitted ray will be refracted in the aame 
manner as by the incloaed water prism, the parallel plates of 
glass producing no change in the direction of the refracted 
ray. The substance whose dispersive power is sought bein; 
formed iuto a thin prism, a beam of light is to be transmitted 
nearly perpendicularly through the two prisms, with their re- 
fracting angles turned in opposite directions ; and tlie angle 
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f the water prism is to be varied, until the beam emerges 
oloarless. The angle of the water prism being then measured, 
be ratio of the differences of the refractive indices (and thence 
hat of the dispersive powers) will be given by the formula 
f the preceding article. 

(53) We now proceed to the physical explanation of the 
Dregoing phenomena. 

To account for dispersion, the modem advocates of the 
heory of emission have been forced to assume that the mo- 
3cules of light are heterogeneous^ and that the attractions 
xerted on them by bodies vary with their nature, being in 
his respect analogous to chemical affinities. This suppo- 
ition, as Young has justly observed, is but veiling our in- 
bility to assign a mechanical cause for the phenomenon. 

According to the principles of the vyave-theory, the colour 
flight is determined by the frequency of the ethereal vibra- 
ions, or by the length of the wave; — the longest waves pro- 
ucing the sensation of red^ and the shortest that of violet. 
Tow observation proves that the refractive index (or the ratio 
f the velocities of propagation in the two media) is dif- 
jrent for the light of different colours. The velocity of propa- 
ation in a refracting medium, therefore, varies with the length 
fthe wave. Here, then, we encounter a difficulty in this 
leory, which was long regarded as the most formidable ob- 
»cle to its reception. Analysis seemed to indicate that the 
elocity of wave-propagation depended solely on the elasticity 
r the medium as compared with its density, and should 
lerefore be the same for light of all colours, as it is for sound 
Fall notes; so that all rays should be equally refracted. It 
ill be necessary to enter, in some detail, into the considera- 
on of this difficulty. 

(54) The conclusion of analysis to which we have just ad- 
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verted, — namely, that the velocity of wave-propagation is con- 
stant in the same homogeneous medium, — ^is deduced on the 
particular supposition, that the sphere of action of the molecules 
of a vibrating medium is indefinitely small compared with the 
length of a wave. If this restriction be removed, we have no 
longer any ground for concluding that the waves of different 
lengths will be propagated with the same velocity ; and the 
conclusion hitherto acquiesced in must be regarded but as 
an approximate result. It was in this point of view that the 
question presented itself to M. Cauchy . Resuming the prob- 
lem of wave-propagation with the more general equations, he has 
proved that there exists, generally, a relation between the ve^ 
locity of propagation (or the refractive index in vacuo) and the 
length of the wave ; and, therefore, that the rays of different 
colours will be differently refracted. 

{pS) Let us make, for abridgment, 

, 27r 27r 
Ic — -^, s , 

A r 

in which A and r denote, as before, the wave-length and time 
of vibration. M. Cauchy has proved that k and s are con- 
nected by an equation of the form 

s^ = aik^ -f aji^ + ajc^ + &c., 

in which the coeflScients Oi, 029 «sj &c., vary with the medium. 
Now the velocity of wave-propagation is 

consequently, 

Accordingly, the velocity of propagation is 2l function of the 
wave-lengthy and varies with the colour. 

{5^) In a vacuum, and in media (such as atmospheric air) 
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which do not disperse the light, the coefficients a2, a,, &c., are 
insensible, and we have 

diat is, the velocity of propagation is independent of the wave- 
length, and the same for light of all colours. 

In other media we may, as a first approximation, neglect 
the third and following terms of the series, and we have 

Hence, if Fi, F, denote the velocities of propagation for two 
definite rays of the spectrum, and ki^ ^, the corresponding 
valnes of ^ 

Fi» -F,« = a, (*!»-*,»)• 

The truth of this formula has been verified by M. Cauchy, by 
mtroducing in it the values of the refractive indices and wave- 
lengths, as determined by Fraunhofer for the seven definite 
rays in certain media. 

(57) The general formula, above given, is unsuited to a 
oompanson with observation in its present form, inasmuch as 

the variable A ( = -r- j is not independent of F. This difii- 

culty is overcome by M. Cauchy by inverting the first series. 
The result is of the form 

*« = Ai8^ + A^ + Az^ + &c. 

M. Cauchy has shown that this series, as well as the former, 
is convergent, and that all the terms after the third may be 
n^lected. Hence, since 

the velocity in vacuo being unity, we have 

fx^-Ax-\- Azs^ + Azs^ ; 



1 
1 
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an equation expressing the refractive index in terms of the 
time of vibration, or of the wave-length in vacuo. 

(58) The constants in this formula, Ai^ A 2^ ^3, will be 
determined, when we know three values of /u, with the cor- 
responding values of 5, or of the wave-length in vacuo ; and 
the formula may be then applied to calculate the values of /n 
corresponding to any other values of s, which may be thus 
compared with the results of observation. The comparison 
has been made by Professor Powell, and by M. Cauchy him- 
self, by means of the observations of Fraunhofer on the refrac- 
tive indices of water and several kinds of glass, and the 
agreement of the calculated and observed results is within the 
limits of the errors of observation. 

But the truth of a formula, expressing the relation be- 
tween the refractive index and the wave-length in vacuo, can 
only be satisfactorily tested in the case of highly-dispersive 
media ; and for such media no observations of sufficient accu- 
racy hitherto existed. To supply this want. Professor Powell 
imdertook the laborious task of determining the refractive in- 
dices corresponding to the seven definite rays of Fraunhofer, 
for a great number of media, including those of a highly dis- 
persive power, and of comparing them with the theory of 
M. Cauchy. The result of the comparison is, on the whole, 
satisfactoiy. 

(59) It is an interesting consequence of the preceding for- 
mula, pointed out by Professor Powell, that as s diminishes, 
or the wave-length in vacuo increases, the value of fi approxi- 
mates to 2i> fixed limity given by the equation 

which, therefore, defines the limit of the spectrum on the side 
of the less refrangible rays. This limiting index corresponds 
to a point not greatly below the red extremity of the visible 
spectrum. 
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CHAPTER IV. 



DOUBLE RBFRACTION. 



(60) It has hitherto been assumed that, when a ray of 
light is incident upon the surface of a transparent medium, 
the intromitted portion pursues, in all cases, a single determi- 
nate direction. This is, however, very far from the fact. In 
many, — ^indeed in most cases, — the refracted ray is divided 
into two distinct pencils, each of which pursues a separate 
course, determined by a distinct law. 

This property is called double refraction. It was first dis- 
covered by Erasmus Bartholinus, in the well-known mineral 
called Iceland spar. Afler a long series of observations, he 
found that one of the rays within the crystal followed the 
known law of refraction, while the other was bent according 
to a new and extraordinary law not hitherto noticed. An 
account of these experiments was published at Copenhagen, in 
the year 1669, under the title ** Experimenta Crystalli Islan- 
dici dis-diaclasticif quHms mira et insolita ref radio detegiturr 

A few years afler the date of this publication, the sub- 
ject was taken up by Huygens. This distinguished philo- 
sopher had already unfolded the theory which supposes light 
to consist in the undulations of an ethereal fluid ; and from 
that theory had derived, in the most lucid and elegant 
manner^ the laws oi ordinary refraction (33). He was, there- 
fore, naturally anxious to examine whether the new properties 
of light, discovered by Bartholinus, could be reconciled to the 
same theory ; and, in his desire to assimilate the two classes 
of phenomena, he was happily led to assign the true law of 
extraordinary refraction. The important researches of Huy- 
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gena on this'subject are contained in the fifth chapter of his 
" Traits d& la Lumiere.' 

(61) The property of double refraction ispoaaessed by all 
crystallized mtnerala, excepting those belonging to the tessulat 
it/stem, s. e. those whose fundameutal form is the cube. If 
belongs likewise to all autrual and vegetable Bubstancee, 
which there is a regular arrangement oi' paite ; and, in fine, 
to all bodies whatever, whose parts arc in a state of unetjual 
compression or dilatation. The separation of the two refracted 
pencils ia in some cases considerable, and the course of each 
easily ascertained by observation ; but it is generally too 
nutc to be directly observed, and ita existence is only proved 
by tlie appearance of certain phenomena, ivhich are known to 
arise from the mutual action of two pencils. In Iceland spar, 
the substance in which the property waa first discovered, the 
separation of the pencils is very striking : and, as this mineral 
ia found in considerable masses, and in a state of great purity 
and transparency, it is well fitted for the exhibition of the 

ph, 

(62) Carbonate of lime, of which Iceland spar is a variety, 
crystallizes in more than 300 different forms, all of which may 
be reduced by cleavage to the rhombohedron, which ia accord- 
ingly the primitive form. The angles of the 
bounding parallelograms, CAB and ABU, in 
the rhombohedron of Iceland spar, are 101° 
55' and TS" 5'. Two of the solid angles, at 
A and O, are contained by three obtuse an- 
gles ; while the remaining four are bounded by one obtuse 
and two acute angles. The line AO, joining the summits of 
tlie obtuse solid angles, ia called the axis of the rhombohedron, 
and is equally inclined to the three faces whicli meet there, 
The angles at which the faces themselves are mutually in- 
clined are 1 05° 5' and 74 55'. 
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(63) If a transpareBt piece of this substaBce be laid upoB 
a sheet of "white paper, on which a small black spot is marked 
with ink, we see two images of the spot instead of one, on 
looking through the crystal ; and if the eye be held perpen- 
dicularly above the surface, and the crystal turned round in 
its plane, one of these images will appear to describe a circle 
round the other, which Is immoveable, the line connecting 
them being in the direction of the shorter diagonal of the 
rhombic face. We may vary this experiment, by substituting 
for the dark spot on the paper a luminous point on a doi'k 
ground, — as, for example, the light of the sky seen through a 
small aperture ; but the most direct mode of performing the 
experiment is to transmit a ray of the Sun's light through the 
crystal, and receive the emergent pencils on a screen. 

If now we examine the course of the two rays within the 
crystal, we shall find that, at a perpendicular incidence, the 
deviation of one of them is nothing ; that, at any other inci- 
dence, the ray is bent towards the perpendicular, the sines 
of the angles of incidence and refraction being in the constant 
ratio of 1*654 to 1 ; and that these angles are always in the 
same plane. This ray, therefore, is refracted according to 
the known law, and is called the ordinary ray. On examin- 
ing the other ray, however, we find that, at a perpendicular 
incidence, the deviation, instead of vanishing, is 6^ 12'; that, 
at other incidences, the refracted ray does not follow the law 
of the sines ; and that, moreover, the angles of incidence and 
refinction are in different plaiies. This ray, therefore, is re- 
firacted according to a new and different law, and is called the 
extraordinary ray. 

(64) In proceeding to the consideration of this law, we 
must observe, in the first place, that there is a certain direction 
in every double-refracting crystal, along which if a ray be 
transmitted, it is no longer divided. This line is called the 
optic axis^ and all the phenomena of double refraction arc 



related to it. There are, properly apeftking, an infinite rnim 
ber of such linea within the crystal, all parallel to one anotlier 
80 that the optic axia ia fixed, not in poaitioii, but in direeti 
only. It has been already mentioned that the line connect] 
the obtuse solid angles of the rhombohedron of Iceland apa 
is the axis of the crystal. Now if we conceive a crystalliza 
mass of this substance to be subdivided into its clementarj 
molecules, which are of this form, the axis of each of theaf 
molecules will be an optic axia. The optic axis of the crystal- 
lized maes, therefore, is a direction in space parallel to the axes 
of the elementary molecules, or equally inclined to the three 
faces containing the obtuse solid angle. 

(65) All the phenomena of double refraction are symnie 
trical round this line. To see this, wc have only to polish an 
artificial face on the crystal, perpendicular to the optic axia, 
and to mark the course of the refracted raya. We shall then 
observe, that when the ray is incident perpendicularly on thia 
face, or in the du-ection of the axia, it undergoes no deviatioi 
by refraction, and the ordinary and extraordinary raya caia- 
cide ; that for every other incidence the ray is divided, tha 
refracted rays being both in the plane of incidence, and the 
deviation of the extraordinary ray being less than that of tha 
ordinary. This deviation of the extraordinary ray (and there- 
fore the ratio of the sinea) ia the same for all rays equally in- 
clined to the axis, whatever he the azimuth of the plane of 
incidence. But it is found, that the ratio of the sinea of inci- 
dence and refraction of the extraordinary ray is not constant, 
but diminishes as the inclination of the incident ray to the 
optic axia increases ; being least of all when the ray ia peiv 
pendicular to the axis. This least value of the ratio is called 
the extraordiirart/ index; in Iceland spar it is r483, 

In the preceding cases, the plane of incidence cnntains 
the optic axis, and the extraordinary ray continues in that 
plane. This is generally true under the saxae circumetances, 
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wbateTer be the refiacting surface. To see it, we have only 

to look obliquely through a rhomb of Iceland spar at a point 

on a sheet of paper : the extraordinary image will be seen to 

revolve round the other, as the rhomb is turned, and will 

twice arrive in the plane of incidence, — namely, when that 

plane contains the optic axis. The same coincidence of the 

two planes occurs also when the plane of incidence is jM^rfun- 

diailar to the optic axis ; but in this case, the ratio of the sincA 

of incidence and refraction of the extraordimuy ray i^ constant ^ 

80 that this ray then satisfies both the laws of ordinary refnic- 

tion. This constant ratio is the extraordinary index already 

referred to ; it is best determined by means of a prism of 

the crystal, having its refracting edge parallel to the optir. 

axis. 

(66) The directions of the two refracted niys arc given by 
the following construction. 

Let AC be the incident ray, 
and CF the section of the sur- 
&ce of the crystal made by the 
plane of incidence. Let the 
incident ray be produced any- 
where to B, and let BF be 
drawn perpendicular to it, 
meeting the surface in F. 

Let CD : CB : : sine of refraction : sine of incidence of the 
ordinary ray; and from the centre C, and with the radius CD, 
let the sphere DOG be described. Let the spheroid of revo- 
lution GE be described with the same centre, its axis of revo- 
lution being in the direction of the optic axis of the crystal, and 
equal to the diameter of the sphere, while the other axis is 
greater in the ratio of the ordinary to the extraordinary index. 
Now, if through F a line be drawn perpendicular to the plane 
of the diagram, and through that line there be drawn tangent 
planes, FO and FE, to the sphere and spheroid, the lines CO 

E 




V 
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And CE, drawn from the centre to the points of contact, will 
be the direclioDB of the ordinary and extraordinary rays. 
This elegant construction was given by Huygcns. 

For this construction Newton substituted another, without 
stating the tlieoretical grounds on wliich he formed it, or even 
advancing a single experiment in its confirmation. In this 
unsatisfactory position the problem of double refraction waa 
suffered to rest for nearly a century ; and it was not until the 
period of the revival of physical optics, in the hands of Young, 
that any new light was thrown upon tlie question. Youn^ 
was leil by the theory of waves to assume the truth of the law 
ofHuygcns; and, athis instigation, Wollaaton undertook Ih« 
experiraentiil examination, which recalled to it the attention 
of the scientific world, and ended in its universal adra 
The French Institute soon after proposed the question of 
double refraction as the sulyect of their prize essay, and the 
Buccesaful memoir of Malus lefl no doubt remaining as to the 
accui-acy of the lluygenian law. 

(67) We have seen that in Iceland spar the extraordinary 
index is less than the ordinary, and that consequently the 
extraordinary ray is refracted Jrom the axis. This, how- 
ever, is not universally true of all double-refracting cryatala. 
Biot discovered that there were many crystals in which thi 
extraonlinary index waa ^rea(er than the ordinary, and in which, 
therefore, the extraordinary ray is refracted loicards the axis. 
Crystals of this kind he called attractive, while those of the 
former were denominated repulsive. Among the attractive, 
or (as they are sometimes called) positive crystals, are quartz, 
ice, zircon; the repulsive or negative class is far more nume- 
rous, and includes, among others, Iceland ftpar, sapphire, ruby, 
emerttld, beryl, and tourmaline. 

The Huygenian law applies to attractive as well as to re- 
pulsive crystals, it being observed, that in the former case the 
utia of revolution of the ellipsoid must be the greater axis 
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the generating ellipse ; or, in other words, that the spheroii 1 
\b prolate instead of oblate. 

(68) It has been hitherto assumed that there is but one 
optic axis in every crystal, or one direction only along which 
t ray will pass without division. It was reserved for Sir 
David Brewster to discover that the greater number of cr}'fital8 
possessed two opiic axes. Among the most remarkable of the 
crystals with two axes may be mentioned arragonite^ mica^ suU 
pkaie qfbarytes^ sulphate of lime^ topaz^ B,nd felspar. The 
tngles range in magnitude through the entire quadrant ; and 
they accordingly afford a new and important criterion for iUo. 
distinction of mineral substances. 

(69) It appears from the foregoing, that crj-stalline bodies 
may be divided into three classes, with respect to their action 
upon light, namely — 

I. Single^refracting crystals, 

II. Uniaxal crystals^ or those which have one axis of 
double refraction. 

III. Biaxal crystals^ or those which have two such 

axes. 

Sir David Brewster has established a connexion between 
these diversities of optical character and the varieties of crys- 
talline form. He has shown that all the crystals of the first 
elass, i* e. all single^refracting crystals, belong to the tessular 
system of Mohs ; that all uniaxal crystals belong either to the 
rhombohedral or to the pyramidal system ; and that crystals of 
the third class, ov biaxal crystals, belong to one or other of the 
prismatic systems. 

These important relations bear, in a very close and defi- 
nite manner, upon the proximate cause of double refraction. 
It has been just mentioned, that the only crystals which do 
not possess the property of double refraction are those belong- 
ing to the tessular system, i. e. those whose fundamental form 

E 2 
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is the cube. Now iii this, aod its derived forms, we can aseign 
three linea at light angles to one another, round which tin 
whole figure ia sym metrical; and we may, therefore, reasonably 
conclude tliat the density and elasticity of the crystal is the 
same in each of these directions, and consequently the eame 
throughout. Again, crystals with one axia of double refrac- 
tion belong either to the rkumbohedral, or to the pi/ramidal sy&- 
tem,— systems whose fundamental forms are the rhombohedron 
and the straight pyramid. In each of tliese forms there ia 
axis ofjiijure, or one line round which the whole is symmetri- 
cal ; and we may, therefore, assume that the density of the 
crystal is either greater or less in t.his direction than in others, 
while it is equal in all directions at right angles to it. The 
axia of form is, in this case, the axis of double refraclji 
Finally, in the oblique pyramid, which is the fundamental form 
of the /imwia/ic systems, there is no one line, or axia of figure, 
round which the whole ia symmetrical; and it ia therefore 
probable that the density of the crystal is unequal in all the 
three directions. Such crystals are found to have two optic 

It has been stated, that in uniaxal crystals the optic axia 
ia also the axis ofjbrm. In biaxal crystals, it did not at first 
appear that the optic axes were in any manner related to the 
lines which bound the elementary crystal. Sir David Brew 
ster, however, ascertained that if two lines be taken, one hi- 
secting the acute, and the other the obtuse angle contained 
by the optic axes, these (together mth a third line at right 
soglea to both) are closely connected with the primitive form. 

These relations between the optical properties of crystals 
and their external forms are so close aud intimate, that any 
change {however produced) in one of them, is found to be 
accompanied by a corresponding change in the other. Thus, 
if the form of a crystal be aUercd by mechanical compression, 
or change of temperature, its refracting properties undergo 
corresponding change- 
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(70) It was long supposed that one of the refracted ravt*, 
in every crystal, followed the ordinary law of the sinc^, while 
the other was refracted according to the Iluygenian law. But 
Fresnel has proved, both from theory and by experiment, that 
this is not the case, and that in biaxal cr}'8tals, both raijs aro 
refracted in an extraordinary manner, and according to a new 
law. It is, in &ct, a consequence of his beautiful thc(»ry oi' 
double refraction, that the form of the wave, which is propa- 
gated in the interior of such a crystal, is neither a sphere nor 
spheroid, as in uniaxal crystals, but a curved surface of the 
fourth order. This surface is composed of twosli(.'et:<i ; and if 
tangent planes be drawn to these, after the same manner a^s to 
the sphere and spheroid in the Huygenian law, the points of 
contact determine the directions of the two refracted r.\v6. 
These more general laws of double refraction will be more 
iully considered hereafler. 

(71) We may now proceed to illustrate some of the more 
remarkable effects of double refraction. 

If a rhomboid of Iceland spar, or any other doublc-refnict- 
ing crystal, be placed close to a small object, — as, for example, 
a black spot on a sheet of paper, — it will be observed that one 
of the images is sensibly nearer than the other; and that the 
difference of their apparent distances changes with the thick- 
ness of the crystal, and with the obliquity of the ray. 

This effect is easily accounted for. It is a well-known 
principle of optics, that when an object is viewed through 
a denser medium bounded by parallel planes, — as, for example, 
a cube of glass, — the image is nearer to the surface than the 
object ; the difference of their distances being to the thickness 
of the medium, as the difference of the sines of incidence and 
refraction to the sine of incidence. This interval, through 
which the image is made to approach, increases therefore with 
the refractive power of the medium ; thus in water it is one- 
fourth of the thickness, in glass one-third, and so for other 




(74) Having considered the mode of propagation of 
luminoua wave, and the modifi cations which it undergoes ou 
encounteriug the surface of a new medium, we may now pro- 
ceed to inquire what vrill be the effect, when two eeries of 
waves are propagated siinultaneoualy from two near luminous 
uiigiiis. 

It is obvious that when two waves — one proceeding from 
each source — arrive at any instant at the same point of space, 
the particle of ether there will be thrown into vibration by 
both ; and we are to consider what will be the result of this 
compound vibration. Now, it is demonstrated by analysis, 
that when two small vibrations are communicated at the same 
time to a material point, each of them will subsist independently 
of the other ; and the motion of the point will, in consequence, 
be the resvltant of the motions due to each vibration considered 
separately. This principle is denominated the superposituM 
nf small motiims. Its nature may be made clear by a simple 
instance. 

Let a pendulous body receive an impulse in any plane 
passing through the point of suspension: it will then, 
oourds, vibrate in that jilane. ^ovi, at the lowest point of 
tlie arc of vibration, let a second impulse be given to the mov- 
ing body, in a direction perpendicular to the plane in which it 
already vibrates. This impulse, if communicated to the body 
at rest, would cause it to vibrate in a plane at right angles to 
the former, and through an arc depending on the magnitude 
of the impulse. Now it will he found, on trial, that the distance 
of tlie body from the vertical, measured in either of thesi 
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planes, is the same at any instant as if the other vibration did 
not exist; so that each vibration subsists independently of the 
other, and the result will be a compound elliptical vibration. 
We have here supposed the coexisting vibmtions to take 
place in separate planes, in order that their independence may 
be more distinctly recognised. When the two vibrations are 
in the same plane^ it is obvious that the resulting vibration 
will be also in that plane ; and that its amplitude will be the 
nan of the amplitudes of the component vibrations when their 
directions conspire, and their difference when they are opposed. 

(76) Let us transfer this to the -case of Light : — Let us 
suppose that two sets of waves start at the same time from two 
near luminous ori^ns (which, for simplicity, we shall assume 
to be of equal intensity), and that a distant particle of ether 
is thrown into vibration by both at the same time. Then, 
supposing that these two vibrations are performed in the same 
plane, it follows firom what has been said, that, when their 
directions conspire, they will be added together, and the re- 
sulting space of vibration will be dvtdfle of either ; and that, 
on the contrary, they will counteract one another, and the re- 
sulting vibration will be reduced to nothing^ when their direc- 
tions are opposed. 

It is evident, further, that the directions of the vibmtions 
will conspirey and therefore the space of vibration be doubled, 
when the two waves arrive in the same phase ; and that, on 
the contrary, their directions will be opposed, and the result- 
ing vibration reduced to no- 
thing, when they arrive in 
opposite phases. Let the 
waving lines AB and A'B', 
or AB and A'^B", represent 
the two undulations, the dis- 
tance of any particle from its 
state of rest being represented by the ordinate, or perpendicu- 
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liir, at the correa ponding point of llie horizontal or mean line 
Then, if tlie undulation A'B' be auperpoaed upon AB, thf 
corresponding points of each being in the same phase, it ii 
ovldeut that the diatancca by which the particle at any poin: 
ia removed from its state of rest by each, mn and m'n, will b« 
added together, and the space of vibration doubled. Whereas, 
if the undulations A"B" and AB, whose corresponding points 
are in opposite phases, be superposed, the distances from tho 
position of rest, tim and m'n", lie on opposite aides of the mean 
line, and when added together destroy one another. Thus thi 
space of vibration is doubled, when the waves arrive at the sami 
point in the same phase : it is annihilated, when they &rn\t 
in opposite phases. Now the intensity of the light is as thi 
square of the amplitude of vibration ; the intensity, there 
fore, is quadrupled in the former case, and destroyed in the 
latter. 

We have here taken, for the sake of illustration, two d 
the meet important cases, — those, namely, in which the 
existing undulations are in complete accordance, or completa 
discordance. When this is not the case, and the waves 
meet in some intermediate stage of the vibratory movement] 
the position of the maximum will be altered, as well as it^ 
magnitude ; and the rules for the composition of the coexist* 
iug vibrations bear a close analogy to the well-known rule 
for the composition of forces. 

(76) We learn, then, as a result of the wave-theory, that 
two lights may either augment each other's effects ; or they 
may partially, or even wholly, destroy one another, and thus, 
by their union, produce complete darkness. 

Before we proceed to examine more particularly this in- 
dication of theory, we may observe that it is altogether ana- 
logous to what ia known to take place in other cases of vibra- 
tory motion. If two waves of water arrive at the same point 
at the same instant, in such a manner that the crest of one 
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wave coincides with that of the other, their effects will be added 
together, and the water at that point will be raised into a wave, 
whose height is the sum of the heights of the conspiring waves. 
If, on the other hand, the crest of one wave coincides with 
the sinusy or depression of the other, the height of tlie re- 
Boltant wave will be the difference of the components ; and, 
when these are equal, the resultant wave will entirely 
disappear. 

We have a magnificent example of these effects in the 
well-known phenomena of the spring and neap tides ; the tidal 
wave in the former case being the sum of the waves caused 
by the action of the Sun and Moon, and in the latter, their 
difference. 

The peculiarity of the tides in the port of Bat^ha furnishes 
% still more striking instance of the principle of interference. 
The tidal wave reaches this port by two distinct channels, 
which are so unequal in length, that the time of arrival by one 
passage is exactly six hours longer than by the other. It fol- 
lows fiom this that when the crest of the tidal wave, or the 
high watery reaches the port by one channel, it is met by the 
low water coming through the other ; and when these oppo- 
site effects are also equal, they completely neutralize each 
other. At particular seasons, therefore, when the morning 
and evening tides are equal, there is no tic/e whatever in the 
port of Batsha ; while at other seasons there is but 0776 iic/e in 
the daffj whose height is the difference of the heights of the 
ordinary morning and evening tides. 

Analogous phenomena take place in sound, and produce 
the coincidences or beats in music. These effects occur when 
the condensed part of the aerial pulse, ai ising from one origin 
of sound, coincides with the rarified part of that proceeding 
fiom the other. They are often heard during the playing of 
a large organ, and give rise to the swelling and falling sounds 
which are heard, especially among the lower notes of the in- 
strument. 



(77) The interference of the aerial pulses may be exhiLiud 
to the eye. Let a compound tube be taken, condsting of two 
e<jLial and similar branches terminating in a common trunk. 
It IS evident, then, that if the air be thrown Into the tamt 
state of vibi-ation at the extremities of the two branches, — the 
)>articles going and returning simultaneously in both, — i 
double vibration will be propagated to the extremity of the 
main trunk, and may be rendered sensible by the agitation 
the particles of sand on a stretched membrane. If, on the 
other hand, the air be in apposite states of vibration at the ex- 
tremities of the bnmches, these will neutralize one another in 
the trunk, and the membrane, and the sand, will be quiescent. 
The conditions here described are attained, by bringing the 
ends of the branches over tlie parts of a vibrating plate which 
are in similai-, or in opposite states of vibration. When the 
length of the tube is such that it is in unison with the vibrat- 
ing plate, it will utter a distinct sound in the one case, while 
in the other it will be silent. 

The alternate augmentation and intermission of sound ob- 
uerved by Young, when a tuning-fork is turned roimd its 
nxia at a short distance from the ear, are easily referred to the 
same principles. 

("8) That iieo lights, then, should jjrorfwce darkness, is a 
ri'Bult of ihe same kind as that two sounds should cause silence, 
or that two waves should make a dead level. But we are nol 
left to analogy alone for the proof of this remarkable conse- 
quence of the wave-theory of light. The phenomenon itself 
has been established by the most direct and convincing ex- 
periments; and we shall soon see that it is observed in a 
multitude of cases where its existence was at first little eu^- 
puctcd. 

This important law — now known under the name of the 
iiiterfirence of light — was for the first time distinctly stated 
nnd established by Young, alihough some lacts connected 
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wxih it were kBOwn to Grimaldi. The latter writer had 
even ezpUcitly asserted that ** an illundnatcd body may be 
tendered darker by the addition oflight^^ and adduced a sini- 
^e experiment in proof of it. Grimaldi*8 experiment was as 
follows. Let the Sun's light be admitted into a darkened 
cbamber through two small and equal apertures of a circular 
^ form. Two diverging cones of light will be thus produced ; 
\ md each of these cones will be surrounded by a penumbra in 
I which the illumination is only partial. Now let these two 
heams be received on a screen at some distance, where the pen- 
umbras of the two cones overlap. It will be then observeil, 
tliat although the greater part of this doubly illuminated space 
is brighter than the penumbra of one cone alone, yet the boun- 
dtries of the overla{)ping portions are much darker than the 
other parts of the penumbras which do not overlap ; and if one 
Off the beams be intercepted by an obstacle, this dark part 
will recover the brightness of the rest. Thus darkness may 
be produced by adding light ; and, on the other hand, by 
mthdrawing a portion of the light we may augment the 
illiimination. 

(79) This interesting experiment assumed a nioi-e distinct 
and decisive character in the hands of Young. If the two 
apertures be reduced to a very small size, and brought close to- 
gether, and if the original light be homogeneous, we shall ob- 
serve a series of alternate bright and dark bands, formed at 
those points where the waves proceeding from the two origins 
conspire, or are opposed. That these alternations of light and 
darkness are caused by the mutual action of the two beams, 
is proved by the fiict, that if one of the beams be intercepted, 
the whole system of bands will disappear, and the light which 
remains become of uniform intensity. By withdrawing one of 
the lights, then, the dai-k intervals recover their brightness ; so 
that darkness, in this case, must have been produced by the 
action of one light on the other. 
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(80) AVe thnil Iwst underatand the circnmetimWt i^' 
phcnoracDon, I)y considering wliat takes plnce in anotW' 
fntiiiliar cnsc of interference. If two stones be flung *' 
same instunt into a pool of stagnant water, a series of < 
waves will be propngatcd from eocli of the two centra cf i 
tuilmnce ; and where these two ects of waves cross, thej' 
produce effect* Mmilitr to those we have been deacribiiigi 
case of light. Where the cr erf of one wave falls upontliei 
of another, they will be added together, nnd form a 
crest, or ridffe, on the surface. And, on the contrary, 
the crest of one wave meeta the hollow, or xinus, of anntbo. 
they will counteract one another's effecte, and the wateriril 
stand at that point at its original level, ns if undisturbed. 

It is obvious that there will be several sets of ' conaecntirt 
points of each class, or seveial lines of double diaturbanceai 
no disturbance. One lin? of double disturbance, A A, will ba 
produced by the meeting of waves 
equidistnnt from the two centres; 
— as the first of one with the first 
of the other, the second of one 
with the second of the other, &c. 
This line is necessarily straight. 
On either side of this there will 
be a line, BB, B'B', consisting of 
those points where the first wave *• b a b *- 

from one origin encounters the second from the other, the 
second from one the third from the other, — of all those pointy 
in short, whose distances from the two centres differ by the 
length of a single wave. The next pair of lines, CC, C'C, con- 
sist of those points whose distances from the two centres differ 
by the length of two waves ; and so on. All these lines are 
hyperbolas, and on nil of thera the disturbance is doubled, anil 
an elevated ridge raised on the surface. But there are like- 
wise intermediate lines, composed of those points whose dis- 
tances from the two centres differ by half a wave, by a mavt 
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wnd hafff by two waves and half, &c. On all these lines, the 
crest of the wave from one origin meets the sinus of a wave 
from the other ; and these, therefore, are the lines of no dts- 
Iwrbance* They are evidently hyperbolas like the former. 

All that has been now said applies strictly to the phe- 
nomena of light, in the aspect under which they are prc- 
wnted by the wave-theory. In the same medium the waves of 
lay given length are propagated with a constant velocity. 
When therefore two series of waves of equal length diverge 
it the same time from two centres, they will arrive at the 
same point in the same phase, provided that the lengths of 
the paths traversed are equal, or differ by any whole number 
ofwidulations. They meet in oj/posite phases, on the other 
hand, when the lengths of their paths differ by half a wave, 
or by any odd mtiUiple of half a wave. The ccntml bright 
bind, then, is formed at those points where the distances trn- 
versed are equal. The next bright band on either siilc is pro- 
daced where the distances traversed diflfcr by the length of owe 
oUire wave; the succeeding pair where the distances differ 
hy two whole waves ; and so on. In the same manner, the 
first dark band is produced on either side of the central bright 
one, and at points for which the distances traversed differ by 
the length of half a wave ; the second pair of dark bands 
where these distances differ by one wave and half; and so on. 



(81) In Young's experiment, if the light diverging from 
the two apertures O and O, 
be received on a screen, AD, 
it is found that the central 
bright band is formed at the 
point A, where the screen is 
intersected by the line PA, 
which bisects the line 00' and is perpendicular to it. The 
eentral band, therefore, is formed where the paths traversed by 
the two pencils are equal. There will be a dark band on either 
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side of the central bright one, and, beyond these, a pwr of 
bright bands. If we meaaure the diatAncea of one of thew 
from the two apertures, we shall find that their difference, 
BO- BO, is a conxlant quantity, whatever be the position of 
the screen ; this difference ia the ieniflh of a wave. Beyond 
these is a second pair of bright bands, the difference of whoae 
distances from the two centres, CO' - CO, is double of the 
preceding, or equal to two whole waves ; and in like manner, 
the difference of the lengths of the paths, at the place of each 
succeeding bright band, ia found to be some exact multiple of 
the first difference, or of the length of a wave. 

Performing the same measurements for the intermediate 
dark bands, we find that the difference in the lengths of the 
paths, where the first pair is formed, is half the difference, 
BO' - BO, or half the length of a wave. The differences of the 
paths, at the place of each succeeding pair of dark bands, are 
found in like manner to be intermediate to the corresponding 
differences for the bright bands on either side, or to be odd 
midtiples of half a wave. 

The difference of the distances from the two aperturei 
being constant for the successive points of the same band, it 
follows that these points must form an hyperbola, whose fod 
coincide with the two apertm-ea. It will be easily seen that 
the curvature of these hyperbolic lines is very small, except 
close to their vertices ; and that we may, without sensible 
error, consider them as coincident with their asymptota. 

It is easy to determine the positions of the bands, as de- 
pendent on the interval of the apertures, and on the distance 
of the screen. 

The place of any bright or 
dark band, m, is determined 
by the condition that the dif- 
ference of its distances fiom 
the two apertures, mC - mO, 




ia an integer multiple of the length of half a 



Now 
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drawing the lines On, On', parallel to PA, and denotbg the 
distance AP by A, the interval of the apertures 00' by c,.and 
the distance Am by a;, the right-angled triangles Oiran, O'lTin', 
pve 

Om = / ^+(x-ic)« = b + ^^^1^', 

0'm = \/^+(a: + 4c)» = ft + i'?^ii^; 

the distance ft being very great in comparison with x and c. 
Hence 

26 o 

But this difference is equal to n -, X being the length of a 

wave ; -we have, therefore, 

nb\ 
* = ^' 

in which the even values of n correspond to the places of the 
hri^t bands, and the odd values to those of the dark ones. 

The preceding formula enables us to compute the length 
of a wftTe of light, when the distances ft, c, and x have been 
determined by accurate measurement. It has been found in 
llus manner that the length of a wave is *0000266 of an inch 
fiur the extreme red rays; *0000167 for the extreme violet ; 
and *0000203, or about the y^^iriT ^^ ^^ i^^^^) ^<^^ ^^^ mean 
rays of the spectrum. 

(82) But though the principle of Interference seemed to 
be established by the experiments and reasonings of Young, 
it was not fireed firom all question. It might be supposed 
that the light passing by the edges of the apertures, in the 
experiment last described, underwent modifications of some 
kind or other which produced the observed offects. It was, 
fherefbre, of importance to show that these effects were 

F 
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nd that o^^l 
n, and "in^^H 



wbotly indepeiKUnt of af>trtmrtt or edges; and that 
raif* proceeding from the same liuninous origin, and 
under a small oMiqaity, will interfere in the 
deseribedt whatever be the attending circumetancea. lliB 
haa been done by Fresncl ; and the experiment, which he de- 
vised for the purpose, has been justly ranked among llu 
most important and instnictive in the whole range of Physic^ 
Optics. 

Two plane mirrors are placed so as to meet at a very ob- 
tuse angle. A beam of light diverging frona the focus of» 
lens is suffered to fall upon them ; and there will be there- 
fore two reflected beams, whose dii'ections are incUni 
a very small angle. Here, then, are two beams diverging 
from the same luminous origin, separated simply by reflesion 
at plane surfaces, without the intervention of edges, or rf 
anything accidental which can be regarded as contributing to 
the result. These beams, however, still interfere, and pro- 
duce a succession of alternate bright and dark bands, 
manner already explained. In order to satisfy ourselves that 
these bands are in fact produced by the mutual action 
the two beams, we have only to intercept one of them, by 
covering one of the mirrors, and the whole system instantly 
vanishes. 

Let Qh and Qi 
represent the 
tions of the two 

rs, which we shall 
suppose to be per- 
pendicular to the 
plane of the dia- 
gram ; and let h be the luminous origin, or the focua of the 
1 which the Sun's rays are concentered. Then taking 
the points and O' at equal distances on opposite sides of the 
mirrors, these points will be the foci of the two reflected pen- 
cils, or the points of divergence of the two beams. Now it 
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IB found, in the first place, that the bands are parallel to the 
line of intersection of the two mirrors; secondly, that they 
are symmetrically placed on either side of a plane passing 
through this intersection, and through the point P, which 
bisects the interval between the two foci O and O'; and 
thirdly, that in proceeding &om the mirrors, they are propa- 
gated in hyperbolas, whose foci are O and CK, and whose com- 
mon centre is P. 

(83) These results are in exact accordance with theory. 
In &ct, since On = n£, and OV » n'k^ the difierence of the 
paths traversed by the reflected rays, hnm and knm^ when they 
meet at m, is the same as if they had reached that point di- 
Terging directly from the points O and O'. All, then, that 
lias been said respecting the interference of the pencils di- 
Terging from two near luminous origins, will apply to this 
case. Since iQ = OQ » O'Q, the line QP, which bisects the 
line CXX, is also perpendicular to it, and any point of it, as 
A, is equidistant from O and O'. The bands, therefore, are 
symmetrically situated with respect to this line ; and the dis- 
tance, Am, of the band of any order from the central band, is 

equal to .^^.. 

This distance is easily expressed in terms of given quan- 
tities. For PQ = OQ x*co8 OQP = AQ x cos OQP ; and 
OOf - 20P = 2*Q X sm OQP. But since the angles AQO, 
iQO", are bisected by the lines Qn and Qtz", it is easy to see 
that the angle OQP (or the half of the angle OQO') is equal to 
the indinalion of the mirrors. If then this inclination be de- 
noted by c, and the distances AQ and Q A by a and &, we have 

OO' « 2a sin €, AP = a cos € + ^ = a + &; q.p.\ 

and therefore the distance of the band of the n*^ order from 
liie centre is expressed by the formula 

(g + h) n\ 
2a sin € ' 
F 2 
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Eld, accordingly, when neither of the pencils has experienced 
ay interruption in its progress, the points of that fringe will 
le equally distant firom the two luminous origins. The case 
B altered, however, if we interpose a thin plate of a denser 
Biediiuu in the path of one of the interfering rays. If the 
light is retarded in the denser medium, it is obvious that the 
points reached in the same time will no longer be equally dis- 
tant from the two centres, but will be nearer to that whose 
light has undergone the retardation. The reverse will be the 
case if the light is accderated in the interposed plate ; so that 
the central fiinge, and the whole system, will be shifted to^ 
wards the side of the interposed plate in the former case, and 
from it in the latter. Here then we have a complete experi- 
mentum crucis^ by which to decide between the theory of 
emission and that of waves ; and its result, as we have already 
stated, is conclusive in &vour of the wave-theory. 

The amount of the displacement of the fringes, in this 
important experiment, depends on the thickness of the in- 
terposed plate, and on its refractive index ; so that any one 
of these quantities will be determined when the other two are 
known. Accordingly, by observing the displacement of the 
fringes produced by a plate of known thickness, the refractive 
index of the plate is found. Arago and Frcsnel have em- 
ployed this method to determine the refractive powers of the 
gases. The method is susceptible of very great precision. By 
observing the position of the fringes formed by two rays, one 
of which has passed through air, and the other through a va^ 
cuum, Arago has shown that the minutest changes in the 
refractive power of the air may be observed — such, for exam- 
ple, as would arise from a variation of temperature amount- 
bg to ^th of a degree centigrade. By the same method it 
was ascertidned that dry air was more refractive than air satu- 
rated with moisture, the difference amounting, very nearly, to 
the millionth of the refractive index. 
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In connexioii with these results, Arago has shown, that 
the scintillation ol'the etara is a phenomenon of Interference, 
due to changes in the refractive powers of portions of the 
fttmosphere, through which difierent portions of light reach 
the eye. 

(87) The principle of interference furnishes the complete 
answer to the difficulty suggested by Newton, and shows in 
what manner the reetilinear propagation of light is reconciled 
to the wave-theory. It had been objected, that if light con- 
sisted in the undulations of an clastic fluid, it should diverge 
in every direction from each new centre, and so bend] round 
interposed obstacles, and obliterate all shadow. To this we 
reply, that light does diverge in every diiection from eacli new 
centre, — that it does bend round interposed obstacles ; but that 
shadows notwithstanding exist, because the several portions (rf 
this laterally-diverging light destroy one another by interfer- 
ence, and no effect is produced, except by those parts of the 
wave which are in the right line joining the luminous origw 
and the eye. 

To sec this, let abed represent a portion of a spherical wavei 
and let O be the place 
of the eye, and Oa the \ 
line drawn fram it to '' v 
the luminous centre. 
Commencing from the 
point a, let portions 
al>, be, cd, &c., be 
taken, such that the 
diflTerences of the dis- 
tances of their extremities from the point O shall be the aanie 
for all, and equal to half a wave. Now we may suppose all 
these portions of the grand wave to be so many centres of 
disturbance ; and it is obvious that the secondary waves, sent 
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by each pair of consecaliye portions to the eye, are in com- 
plete discordance, and should wholly destroy one another if 
ih^r intensities were equal. It is easy to see that this is the 
case with respect to portions, as^, gh^ which are remote from 
the point a. For the magnitudes of the waves sent by the 
several portions to any point depend — first, on the magni- 
tudes of these portions themselves, and secondly, ovl^q angles 
which the line drawn from them to that point makes with 
the front of the wave. As respects the former, it is evident 
that ab is greater than Ac, he than cdy and so on ; but these 
differences continually diminish, and the magnitudes of the 
consecutive portions approach indefinitely to equality, as they 
recede from the point a. The same is true of the obliquities. 
Hence, the portions of the wave, fg^ ghj remote from the 
point a, destroy one another's effects, and the effect on the 
eye, or on a screen at O, will be entirely due to those parts of 
the gprand wave which are in the neighbourhood of the line 
connecting that point with the luminous origin. 

Of these parts ab produces the greatest effect being 
both the largest and the least oblique. The effect of the 
neighbouring portions is, however, very sensible, and we 
shall have occasion hereafter to study some important pheno- 
mena to which they give rise. In the meantime, one remark- 
able consequence of this explanation is obvious — namely, that 
if the alternate portions &c, de^ &c., whose effects are negative^ 
' be stopped, the total effect will be augmented^ and the re- 
sulting light increased by intercepting a portion of the wave. 
We shall see hereafter that this startling conclusion is con- 
firmed by experiment. 



CHAPTER VI. 



DIFFRACTION. 

(88) It has been shown to bearesult of tlie wave-theoiy, 
that the intensity of the light which encounters an obstacle 
must diminish rapidly within the edge of the geometric sliadow. 
It now remains to consider the otlier phenomena which arise 
under theae circumstances ; and it ivill be found that the 
eame theory affords the moat complete account, not only of 
their general characters, but even of their most minute details. 

In order to understand the theory oi shadows, it is neces- 
sary to investigate their laws in the simple case in which 
the magnitude of the luminous body ia reduced to a point. 
The effects thus presented were first observed, and in soma 
degree explained, by Grimaldi ; and they have been since 
studied, as a separate branch of Optical Science, under the 
title of diffi-action or inflexion. 

Grimaldi found, that when a small opaque body waa 
placed in the cone of light, admitted into a dark chamber 
through a very small aperture, its shadow was much larger 
than its geometric projection ; so that the light suilered 
some deviation from the rectilinear course in passing by the 
edge. On observing these shadows more attentively, he 
found that they were bordered mth thi-ee iria-coloured 
fringes, which decreased in breadth and intensity in the 
order of their distances from the shadow, and which preserved 
the same distance from the edge throughout its entire extent, 
unless where the body terminated in a sharp angle. Similar 
fringes were observed, under favourable circumstances, within 
the shadows of narrow bodies. 
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The phenomena of diffraction were subsequently examined 
)y Hooke and by Newton ; and, lastly, in the hands of Young 
and Fresnel, they have been forced to furnish evidence in 
favour of the wave-theory, which few who impartially ex- 
amine it can continue to withstand. We shall first describe 
the most important of these phenomena, and afterwards ex- 
amine them in their bearing upon the two theories. 

(89) The most obvious of these phenomena arc the modi- 
fications which light undergoes in passing by the edge of an 
obstacle of any kind. 

Let a beam of homogeneous light, entering a dark cham- 
ber, &11 on a lens of short focal length, MN, by which it is 




brought to a focus at O, and thence diverges. Let an ob- 
stade, PP, be placed in the diverging beam, and let the sha^ 
dow which it casts be received upon a sheet of white paper at 
Q, or on a piece of roughened glass. We shall then observe 
the following phenomena : 

I. The line OPQ, which is the boundary of the geometric 
ihadmo^ is not the actual boundary of light and shade. 

II. The space below this line, QS, is not absolutely dark, 
but is enlightened by a faint light, which extends to a sensible 
distance within the geometric shadow, and gradually fades 
away as it recedes from the edge of this shadow at Q. 

III. On the other side of the boundary of the geometric 
shadow, at QB, the paper is not uniformly illuminated by the 
diverging beam, but is observed to be covered with a series 
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of alternate bright and dark bands, which are parallel to the 
edge of the shadow. The distances of these fringes inter u, 
and from the edge of the shadow, vary with the position of 
the screen, and diminish indefinitely as the screen is bi-ought 
near the obstacle. These fringes succeed one another for 
many alternations, becoming, however, leas marked as the 
distance fi'ora the edge of the geometric shadow increaeee, 
until at length they are wholly obliterated and lost. They 
preserve the same distances from the shadow in all parts, 
except only where the edge of the body forma a sharp 
angle.* 

IV. The dimensions of the fanges vary with the colour 
of the light; being broadest in red light, narrowest in i 
light, and of iotcrmediate magnitude in the light of naean re- 
frangibility. Hence, when w/iite or compound light ia 
ployed, the fringes of dififerent colours will not be accurately 
superposed ; and there will be formed a succession of in 
loured fringes, the colours following tlie order which they have 
in the spectrum. 

(90) li we follow the course of the fringes from theii 
origin, we shall observe that they are propagated in lines sen 
sibly curved, whose concave side is turned towards the sha 
dow. In order to obtain accurate measures of the distance 
of the fringes from the edge of the shadow, at different die 
tancee from the obstacle, Fresnel viewed them directly witl 
an eye-piece, furnished with a micrometer. He thus aaoer 
tained that the curved path of each fringe was an hyperbola 
whose summit coincided with the edge ot the obstacle, an( 
whose centre was the middle point of the line connecting tha 
edge with the luminous origin, 



• If this angle 
' obserTed to cui 



e talUtU, Che fringos, instead of forming a similar 
re ronnd tlie shadow. When the angle is re-tntraJU, the 
the shadow at each sid?, withaut interfering with 
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If we consider these hyperbolas as coincident with their 
asymptots (which may be done without sensible error, unless 
near the edge of the obstacle), and if we then determine the 
aisles which they make with one another, and with the edge 
of the geometric shadow, we shall find that these angles in- 
crease rapidly as the distance of the obstacle from the lumi- 
nous point diminishes. When this distance is about 40 inches, 
the fiinges are very close together, the fringes of the first 
and second order making an angle with one another of less 
than 2' in red light. At the distance of 4 inches this angle is 
mcreased to more than &' ; and at ^^ of an inch it exceeds 
16'. Thus the fringes dilate, as the edge of the obstacle ap- 
proaches the luminous origin. 

(91) In this experiment the incident light is supposed to 
diverge from a luminous point. If the dimensions of the 
luminous origin had been considerable, it will be easily 
understood that each line in it, parallel to the edge of the 
obstacle, would give rise to a difierent system of fringes ; and, 
as the dark bands of some of these systems must coincide with 
the bright bands of others, every trace of the phenomenon 
would be obliterated. 

(92) The preceding experiments exhibit the effect of a 
mgU edge. When the light diverging from the luminous 
point is suffered to pass by two near edges^ the phenomena will 
be varied in a very interesting manner. 

Let 9kjine wire be placed in the pencil of light diverging 
from a luminous point, and let its shadow be received on a 
screen, or plate of roughened glass, as before. We then ob- 
serve, outside the geometric shadow, a set of parallel bands, 
or fringes, analogous to those produced by the single edge 
in the former experiment. These are the exterior fringes. 
But we observe further that the whole space of the geometric 
shadow itself is also occupied by parallel stripes, alternately 
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bright and dark. Theae are the interior fringes ; and tliey 
are in general closer, and more finely marked than the ex- 
terior. When the brcudth of the obatacle is considerable, 
the interior IVinges disappear, and the phenomena fall under 
the clasB already examined. 

The interior fringca are propagated, like the exterior, In 
hyperbolic curves ; but their curvature ia leas considerable, 
and the deviation from a right-lined course is scarcely per- 
ceptible within the limils at vfhich they are commonly ob- 
served. They are also, like the exterior fringes, broader in 
red than in violet light, and of intermediate breadths in the 
light of intermediate refran^bility. Accordingly, in com- 
pound or white light, the fringes of different dimenaiona are 
superposed ; and the bands are no longer alternately bright 
and black, but coloured with different tints, in the order of 
the colours of the spectrum. 

(93) It still remains to csiuniue the effects produced hy 
two edges turned inwards, so as to form an aperture of any 
dimensions. 

For this purpose Tresnel employed an instrument consist- 
ing of two metallic plates, one of which is fixed in the frame of 
the apparatus, while the other is moveable by means of a fine 
screw. The edges of these plates are right-lined and parallel, 
80 that they form always a rectangular aperture ; and, by means 
of the adjusting screw, the magnitude of this aperture may be 
varied at pleasure. 

When a narrow rectangular aperture, thus formed, is sub- 
stituted for the wire in the last experiment, the resulting phe- 
nomena are very remarkable. In the first place, the luminous 
beam diverges considerably after passing the aperture, so that 
the space which it occupies on the screen, or roughened glass, 
is much wider than the geometric projection of the aperture. 
Secondly, the entire of this space is covered with parallel bands, 
or fringes, altemately bright and dai-k^ distributed symmetri- 
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cally on either side of the line passing through the luminous 

point and the centre of the aperture. 

If we trace these fringes, from their origin at the aper- 
ture to any distance, we shall find that they are propagated 
in hyperbolas, like the former. The curvature of these 
hyperbolic branches, and their inclination to one another, 
depend on the breadth of the aperture, and on its distance 
from the luminous point. Fraunhofer, who observed this 
dass of phenomena with great attention and care, found that 
the angular distances of the successive bands of any given 
colour from the central line formed an arithmetical progres- 
sion, whose common difierence was equal to its first term ; 
and that, when difierent apertures were used, the distances 
of one and the same band from the central line were inversely 
as the breadths of the apertures. These fringes are broadest 
and most widely separated in red light ; they are narrowest 
and closest in violet light, and of intermediate magnitudes in 
the intermediate rays of the spectrum. In white light, there- 
fore, they present the succession of colours observed in other 
cases. 

When the aperture is formed by two straight edges 
tlightly inclined^ Newton observed that the fringes were not 
accurately parallel to the edges, but became broader as they 
approached ; and that they finally crossed, and formed two 
hyperbolic branches, one of whose asymptots is perpendicular 
to the line bisecting the angle of the edges, while the others 
aie parallel to the edges themselves. 

(94) It is scarcely necessary to observe that thephenomena 
of difiraction may be endlessly varied, by varying the form of 
the difiracting edge. The preceding cases have been se- 
lected as the most elementary. They are abundantly sufficient, 
when pursued into numerical details, to test the truth of 
any theory which may be applied to this class of pheno- 
mena; and such a theory being once established, the laws of 
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( are best soo^t for in it 
Wc sImD pnMced, therefore, to coo^der tbe pi 
]■■«■> m tbcir relstioo to the two theories of lii 



(96) Ncwtoo eoaeeiTed tbe nrs of tigtit to be ritjf«( 
pana^ br the tdge* of bodies, by tbe operation of the 
tM cti re aod npolsTe fonea^ which the molecules of bodiea 
upon tho«e of tight before they if- 
By tbe operation of such forcM, 
Newtoa was *™M*»< to exfdain tbe Ixwa of reflexion and re- 
fiaction; and it wss reasonable to suppose that the »awi 
ftwces pUvexl an important part in the phenomena now under 
eonsideiation. 

Thna, the rays pacing by the edges of a aarrow opaque 
body, such as a hair or fine vrire, are supposed to be turned 
amde by ita repulsion; and, as this force decreases rapidly as 
tbe distance increases, it follows that the rays which pass at a 
distance from the body will be less deflected than those which 
pasa close to it, as is »hown 
in the annexed 
The cauttic formed by tbe 
intersection of these de- 



flected 



rays 



will be con- 




cave inwards ; wd aa none 

of the rays pass within it, 

it will form tbe boundary 

of the ii>i6fe iAnrfoic- Thus this supposition explains aatisfao- 

torily the curvilinear termination of the visible shadow, and 

it« excess above the geometric one- 

To account for th.ii fringe/ which are parallel to the edge 
of this shadow, Newton appears to have supposed the at- 
tractive and repulsive forces to succeed one another for some 
alternations ; and the molecules composing each ray, in their 
pwisage by the body, to be bent to and fro by these forces, 
in ft serpentine course, and to bo finally thrown off at o 
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ther of the points of contrary flexure. The mtersection of 
be rajs thus thrown off at different points of the same ser- 
«niine course will form a caustic or fringe ; so that each suc- 
eeding fringe will be produced by the rays which pass at a 
^yen distance from the edge of the body. 

Finally, the separation of white light into its elements is 
txplained, by supposing that the rays which differ in refrangi- 
»ility differ also in inflexibility^ — the body acting alike upon 
he less refrangible rays at a greater distance, and upon the 
Qore re&angible rays at a less distance. 

It is needless to comment upon the vagueness of these 
txplanations. Newton himself was dissatisfied with them, 
nd the subject fell from his hands unfinished. Still, how- 
ver, the mere guesses of such a mind as that of Newton 
Qust claim a deep interest ; and it was natural that among 
lis followers more weight should be attached to these con- 
ectures, than he himself ever assigned to them. It seems 
lecessary, therefore, to advert to some of the circumstances 
►f the phenomena, which are not only unexplained by this 
heory, but which seem moreover entirely at variance with it. 

(96) If the phenomena of inflexion be the effects of attractive 
ind repulsive forces emanating from the interposed body, — 
ind if these forces are the same, or even analogous to those 
to which the reflexion and refraction of light are ascribed in 
the theory of emission, — it will follow that they must exist in 
different bodies in very different degrees ; so that the amount 
of bending of the rays, and therefore the breadth of the dif- 
fracted fringes, should vary with the mass^ the nature, and the 
form of the inflecting body. Now it is clearly ascertained, 
3n the contrary, that all bodies, whatever be their nature or 
;he form of their edge, produce under the same circumstances 
Knges identically the same; and, in fact, the partial interrup- 
ion of light, caused by the interposition of an obstacle of anj^ 
dnd, appears to be the only condition essential to the pheno- 
oenon. 



Grareeeade aecne la Ittre Snt oheeired tli&t tke nalun 
or dewMtf of the bodj had no efi^t upon the magnitude 
of tbe diffinctcd images ; Kad th« &ct has since been ooa- 
firmed in the fiiUest mannei- hj almwt e\ery inquirer in thii 
bnukdi ol expoimental adeatx. It ia now admitted that the 
ift^i'tfiig fbroes, if sucli exist, roost be independent of the 
cfaenncal mtoie of tbe iuflecnDgbody,Bnd altogether different 
from tboae to whidi, in tbe tbeoiy of emissLon, the phenomena 
of reflexion sod refracoon are ascribed. 

To ascertain whether tbe^nn of the edge bad any effect 
upon the fringes, Fresnel took trwo plates of steel, the edg« 
of each of which was rounded in one half of its length, and 
sharp in the remaining half, — and placed the rounded portion 
of each edge oppoate the angidar part of the other. If then 
the position of tbe fringes depended on the form of the edge, 
the effect would thus be doubled, and the (linges appear 
broken in the niid^t. They were Ibund, on the contrary, to 
be perfectly etrmght throughout their entire leugth. 

Again, the iuBecUng forces (though they must be supposed 
to vary in intensity with the form and mass of the body, 
and with the distance of the luminous molecule from the 
edge) cannot be conceived to depend in any way upon the 
distance previously traversed by the molecule, before it arrire 
in the neighbourhood of that edge ; so that the magnitude 
and position of the fringes, in this hypothesis, cannot vary 
with the distance of the inflecting edge from the luminous 
point. But this conclusion is the reverse of fact. The fringes 
dilate, and their mutual inclination b increased, aa the obstadi 
approaches the luminous origin. 

Tbe phenomena of diffraction, therefore, do not arise from 
tbe operation of attractive and repulsive forces, exerted by the 
molecules of bodies upon those of light. 

(97) The same objections apply to the hypothesis of 
Mairan and Dii Tour, which ascribes these effects to thi 
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fraction of small atmospheres encompassing the bodies, and 

of a different refiractiYe power from the surrounding medium. 

IS'or, if such an atmosphere be retained by the attraction oi* 

the body which it encompasses, — and this seems to l^e the only 

intelli^ble mode of accounting for its presence, — its density, 

and its form, must vary with those of the body itself; and, 

consequently, its effects upon the rays of light must vary also. 

We are forced, then, to conclude, that the phenomena of 

diffiraction are inexplicable in the system of emission ; and we 

proceed to examine in what manner, and with what success, 

the principles of the wave-theory have been applied to their 

explanation. 

(98) This important step in Physical Optics was made by 
Young, and all the complicated phenomena of diffraction arc 
; now reduced to the Aaifle principle of Interjerence. 

The exterior fringes, formed without the shadows of bodicp, 
were ascribed by Young to the interference of two portions of 
light, one of which passed by the body, and was more or less 
deviated, while the other was obliquely reflected from its edge. 
The fringes formed by narrow apertures were, in like manner, 
supposed to arise from the interference of the two pencils re- 
flected fix>m the opposite edges ; while the interior fringes, 
within the shadows of narrow bodies, were accounted for by 
the interference of the pencils which passed on either side of 
die body, and were bent into the shadow. The observed facts 
closely correspond with the calculated results of this theory ; 
and in the case last mentioned. Young proved that the phe- 
nomenon admitted no other explanation. Placing a small 
opaque screen on either side of the difiracting body, so as to 
intercept the portion of light which passed by one of its edges, 
the whole system of bands immediately disappeared, although 
the light passing by the other edge was unmodified. 

The general laws of the fringes — the dependence of their 
magnitudes upon the length of the wave, and upon the distances 
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this point, aa centre, let a circle be ileacribeil, touching th 
circle MaN ia a, and let the lines Kb'b, Rc'c, &c., be drawn a 
such a manner that the intercepts bH, cc', dd', &c., are eqtia 
respectively to one, two, three, &c, semi-undulations. Thi 
effect produced at the point R ia then, by the principle c 
Huygens, the sum of the effects produced by each of the poi 
tiona ab, lie, cd, &c., separately. But, the distances of these 
consecutive portions from the point R differing by half 
wave, their effects will be opposed at that point; so that, U 
m denote the intensity of the light sent from the portion ab, 
m' thtit from be, &c. — the light sent from the indefinite 
«M or flN, being taken as unity — the actual light which reacha 
the point R will be 1 , 1 + m, 1 + m - m', 
according as the obstacle is placed at the point a, b, c, d, &c 
And the intensity of the light when the obstacle is altogetlit 
withdrawn is 

1 + m - m'+ m"- »i"'+ &c, = 2. 
Now, as the terms of this series are continually decreas- 
ing, and are affected alternately ivith opposite signs, it is ma- 
nifest that if we stop at any term, the sign of the remiundei 
will be the same as that of its first term, and therefore al- 
ternately positive and negative. Accordingly the intensities, 
1 + m, 1 + m - jw', 1 + m - m' + m", &q., are alternately greater 
and less than 2 ; and the intensity of the light sent to the 
point R is alternately greater and less than when no obstacli 
is interposed. 

It will be easily understood, from this general explanation, 
in what manner the magnitude of the fringes depends on the 
length of the wave, on the distance of the luminous origin 
from the obstacle, and on the distance of the screen. They 
must be broadest in red light, and narrowest in violet light ; 
and in white or compound light, the difiracted bands of dif- 
ferent colours will occupy different positions, so as to form i 
succession of iris-coloured bands having the violet or blue in- 
side, and the red without. After a few 
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bands wholly disappear, owing to the superposition of bands 
of different colours. 

(101) It is easy to compute the relative places of the same 
fringe, for different positions of the luminous point, and of the 
screen. 

Let P be the edge of 
the obstacle, PA a por- 
tion of the wave, diverg- ® 
ing from O, which has 
just reached that edge; 

and let QB be the screen, and R the place of a fringe of any 
given order. Then, in order that this point should belong to 
the same fringe, for every distance of the luminous origin and 
of the screen, it is only necessary that the interval of retarda- 
tion, RP - RA, of the central and marginal parts of the wave 
should be constant. For in this case the whole wave, AP, 
may be divided into a given number of parts, such that the 
^fference of the distances of the successive points of division 
from the point R shall be constant ; and therefore the effective 
wave consists of the same number of elementary portions in 
the same relative state as to interference. 

Now, denoting OP by a, PQ by h, and QR by re, we 
have 



x" 



RP= \/^»*+^2=^ + — , 

2,0 

q, p., since x is very small in comparison with h. Similarly, 

R0 = y/(a^by-¥x^ = a-^b^ ^,^ ^^ ; 
^ ^ 2 (a + 6) 

x^ /I 1 

80 that RA = 6 + ^^ =-, and RP - RA = ^ a:M - - 



2{a^h) ^ \h a-¥b 

But, by the condition of the question, this difference is a 
constant quantity ; and denoting this constant by S, we have 



♦"^a-„4.)-«. --p^- 
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WTien 6 varies, a remaning unaltered, — i.e. when tfaej»-l 
eiUon of the screen is varied, — the value of a; is the ordinal 
of an hyperbola whose abscissa is b ; eo that the auccesuTAl 
points of the same fringe belong to an hyperbola, whose ei 
mit is the edge of the obstacle. 



( 1 02) The interior fringes formed in the shadow of a na^ I 
rou! opaque body arise, it has been said, from the interference I 




ol' tlie two portions of the wave which paas by the ei 
cither side. Let PP' be the scolJon of the opaque bod; 
and Pc the two portions of the diverging wave wluol 
just reached its edges, and R any point of the shadow. Then, 
if these portiona be divided in the points a, b, c, &c., a, b', d, 
&.C., in such a manner, tliat the difference of the distances of 
any two consecutive points from the point It is equal to half an 
undulation, the elementary wave sent from each portion will 
be in complete discordance with those sent from the two ad- 
jacent portions; so that, if the several portions be equal, thef 
will neutralize one another's effects at the point R, with the 
exception ofthe extreme portions, Pfl, P'a', the halves of which 
nest the edges remain uncompensated. 

Now the arcs Pa, ab, be, &c., are very nearly equal, when 
the lines drawn from their extremities to the point R are 
BufEciently inclined to the normal,— or, in other words, when 
this point is sufficiently removed from the edge of the geo- 
metric shadow. In this case, then, the only efficacious parts 
of the wave are the halves of the extreme portions, Ptr and 
IV; and the intenaity of the light at the point R will be de- 



kimie^ by the diflerence of their diatancea from that imiiit, 
or tw\iii,\, comes to the same thing) by the difference of the 
lengths of the lines connecting it with the edges of the ob- 
stide. The phenomena of interference are therefore the same 
^ in tiiG case of light emanating from two ai-at origins, already 
Considered ; and we may transfer to the present case tlie con- 
clusions arrived at in (81). Accordingly, if c denote the 
breadth of the obstacle, and b its distance from the screen, the 
'iistance, x, of any band from the centre of the shadow is 

^ 2c' 

( 1 03) The positions of the Innges formed by a narrow rec- 
tangular aperture are determined by a similar formula. 

Let PP' be the section of the aperture, PAP the portion 
pfthe wave which has just reached it, diverging from the lu- 
minous origin at O ; and let QQ' be the projection of the 
aperture on the screen. Then, if we take the point R on this 
acreen in such a man- 
ner, that the difference 
of its distances from 
the edges of the aper- 
ture, KP' - RP, shall 
be equal to a whole 
number of semi-undula- 
tions, that point will be the centre of a dark or bright band, 
jccording as the assumed number is even or odd. For, in the 
former case, the wave PAP' may be divided Into an even 
Dumber of parts, such that the distances of every two conse- 
jutive points of division from the point R differ by half an 
imdidation ; the waves sent by every two consecutive por- 
tions to the point R will therefore be in complete discordance, 
find the total effect at that point will be null. On the other 
band, when the difference RP' - RP ia equal to an odd num- 
ber of semi -undulations, the number of opposing portions of the 
wave will be odd, and as the alternate portions com|>en8ate 
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will remain o>M|I^^H 



wich other's effects at the point H, there 
lion producing there its full effect. 

The successive bande being ibmied at the points for 'wliieti 
EF - RP = bA, it is obvious that their distances, KB, froa 
the centre of the projection of the aiierture, will be given by 
the same formula ae in the case last considered, c being no» 
tbo breadth of the aperture, — with tbia difference, however, 
that the dark bands correspond to the even values of n, mid 
the bright bands to the odd values, which is the reverse of 
what takes place in the bands formed within the shadow of m 
opaque obstacle. We learn then, Ist, that the distances of 
the successive fringes of any colour form an arithmetical pro- 
gression whose common difference is equal to its first term ; 
2ndly, that they vary directly as the distance of the screen, 
and inversely as the breadth of the aperture ; and Srdly, thiit 
they are proportional to the lengtli of the wave ; and therefore 
greatest for tbe extreme red rays, least for the extreme violet, 
and of intermediate magnitude for the rays of intermediate 
refrangibility. 

We have supposed the screen to be bo remote that the 
bands are entirely without the projection of the aperture. 
This will obviously be the case when QF - QP is less than 
half a wave. When the distance of the screen is so small that 
QP' ~ QP exceeds this limit, fringes will be visible also toithm 
the projection of the aperture. In this case the portions into 
which the wave is divided are sensibly different in magni- 
tude, aa well aa obliquity. The reasoning above employed 
is therefore no longer applicable ; and the points of maximum 
and minimum brightness can only be obtained by a complete 
calculation of the intensity of the light. 

(104) The phenomena of diffraction hitherto considered 
are of the simplest class : but as such phenomena 
every instance in which light is in [lart intercepted, it is ob- 
vious that they admit of endless modifications, varying with 
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llie farm of the interposed body. Some of these are too re- 
markable to pass unnoticed. 

Among the most striking of these effects are those pro- 
dnoed by light diverging from a luminous origin, and trans- 
mitted through a small ciradar aperture ;— as, for example, 
that formed by a pin in a sheet of lead. When the trans- 
mitted light is viewed through a lens, the image of the aper- 
ture appears as a brilliant spot, surrounded by coloured rings 
of great vividness ; and these vary in the most beautiful 
manner, as the distance of the aperture from the luminous 
origin, or firom the eye, is altered. When the latter distance 
k considerable, the central spot is white, and the coloured 
riDgs foUow the order observed in thin plates. As the eye 
approaches the aperture, the central white spot contracts to 
a point, and then vanishes. The rings then close in on it in 
order ; and the centre assumes in succession the most vivid 
and beautiful hues, altogether similar to those of the reflected 
rings of thin plates. 

This remarkable coincidence has been shown to be an 
exact result of theory. It has been demonstrated that the in- 
tensity of the light of any simple colour, at the central spot, 
— and the compound tint in the case of white light, — will be 
the same as that reflected from a plate of air, whose thickness 
bears a certain simple relation to the radius of the aperture, 
and its distances from the luminous origin and from the 
eye. 

The points of maximum and minimum intensity are easily 
determined. 

Let O be the luminous 
point, and O AB the line drawn 
from it through the centre of 
the aperture PP; then the I 

interval of retardation, S, of 

the ray which reaches any point B on this line, coming from 
the edge of the aperture, is OP + PB - OB. Let OA = a. 




AB = b, and AP = r ; then, aince r m very small in compari- 
BOQ with a and b, it is easy to see that 



OP.a.-, 



BP.44 



24' 



s = i,.. 



Now when thia interval is equal to a whole number, n, of 
aemi- undulations, the aperture may be divided by coDcentdc 
circles, euch that the raya which reach the point B, coming 
from any two successive circumferences, sliall differ by the in- 
terval of half a wave. It follows from the preceding for- 
mula that the aquarea of the radii, and therefore the superficies 
of the aucceaaive circles thus formed, are aa the numbers 
of the natural eeriea; so that the annuU comprised between 
every two succeeding circumierencea are equal. But the ele- 
mentary waves pioceeding from each aunulus are in complete 
discordance with those from the two adjacent. The euccessive 
annuli will therefore destroy one another's effecta, and the total 
intenaity of the light at the point B will be null, or equal to 
that of the last, according as the number of annuli (the cen- 
tral circle included) is even or odd. Hence, for a given aper- 
ture, there will be a succeaaion of points on the axis, at which 
the intensity of the light is alternately nothing and a maximam ; 
and it is obvious from the preceding that the distances of these 
points will be the values of b given by the formula 



/I n 



= mA ; 



in which the points of complete darkness correspond to the 
even values of w, and those of maximum brightness to the 
odd values. 

Such is the case with homogeneous light. As the points 
of masimum and minimum intensity are different for the raya 
of diflPerenl colours, there will be no point of complete dark- 
ness in ramjjounrf light, but a succession of points, at which 
the centre of the aperture is richly coloured. 
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(105) The theory of Freeiiel ia not only in exact accord- 
ance with facts already known ; it has also led to many I 
new and unexpected conclusions, and predicted consequences , 
■which have been afterwards verified on trial. One of the 
moat remarkable of these is the phenomenon of diffraction by 
an opaque circular disc. Poisaon applied Freenel's integrals 
to this case ; and he was led to the startling result, that the 
illumination of the centre ol' the shadow was precisely the 
same as if the disc had been altogether removed. The prin- 
ciples already IsuJ down will enable the reader to satisfy him- 
self of the theoretical truth of this conclusion. Arago was i 
the first to show that it was in accordance with fact, and his 
experiment may be repeated without much difficulty. 

(106) We have seen that when light diverging from a 
luminous point passes by the edges of a fine hair or wire, a 
succession of coloured bands will be formed parallel to the edge 
of the shadow ; and the distances of these bands from the 
ehadow, and from one another, will be greater, the less the 
diameter of the wire, li'many such wires be exposed to the 
diverging beam, and if, instead of being parallel, they are 
crossed and interlaced in every possible direction, it is easy to i 
conceive that the coloured bands will be disposed in concen- 
tric circles, whose centre is the luminous point. These circles 
resemble the halos visible round the Sun and Moon in haxy 
weather. Their diameters vary in the inverse ratio of the 
thickness of the wires or fibres. 

This law was applied by Young, in a very Ingenious man- 
ner, to the comparison of the diameters of fibres, or small par- i 
tides of any kind. 

A plate of metal is perforated with a small round hole, about 

the j^th of an inch in diameter, around which, at the distance 

of about i or J of an inch, is a cu-cle of smaller holes. The j 

flame of a lamp ia then placed immediately behind the aperture, 

BiBd the luminous point viewed through the substance to be 
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examined. A ring or halo will be seen surrounding the aper- 
ture ; and by moving the substance backwards and forwards 
on a graduated ruler, this ring may be brought to coindde 
with the circle of small holes pierced in the plate. The 
tancc from the aperture is then read off on the ruler, and variea 
obviously in the inverso ratio of the angular diameter of th< 
spectrum ; but the diameters of the particles vary also in the 
same inverse ratio, ao that the distance on the ruler at once 
becomes a measiu:e ol-these diameters. In this manner Young 
compared the diameters of a great number of very mii 
substances, — such as the fibres of the finest wools, the glo- 
bules of the blood, &c. The instrument itself he called the 
Eriomeler. 

(107) In the case last mentioned, we have supposed the 
intervals of the fibres, or fine wires, to be much greater than 
their thickness ; in which case the phenomenon depends mainly 
on the diameter of the opaque fibre. When the intervening 
apertures are very small, the effect is influenced by their mag- 
nitude, and assumes a different character. Thus, if a grating 
be formed, by stretching a wire between two fine screws of 
equal thread, and if this grating be held in the beam diverg- 
ing irom a luminous point, we shall observe, on either side of 
the direct image, a series of spectral images richly coloured 
with all the prismatic tints ; the spectra increasing in breadth, 
and diminishing in intensity, as they recede from the centre. 

These phenomena are seen to most advantage by means 
of a telescope adjusted to the luminous origin. The grating 
being held before the object-glass of the telescope, the spectra 
are formed at its focus, and are there viewed, witli all the ad- 
vantages of distinctness and amplification, by means of the 
cye-glaes. Fraunhofer, who obsei-ved these phenomena with 
much attention and care, traced no fewer than thirteen spec- 
tra on either side of the central image ; the first pair being 
separated from the central image, and from the second pair, 
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by intervals absolutely black. By a very accurate mode of 
measurement he ascertained that the deviations of any one 
colour from the central image, in the successive spectra, formed 
an arithmetical progression ; and that the absolute amount of 
these deviations varied inversely as the intervals of the axes 
of the wires. 

(108) These results flow readily from the principle of in- 
terference, — the Jirst pair of spectra, on either side of the cen- 
tral image, being produced by the interference of those rays 
whose paths differ by one undulation ; the second pair, by those 
whose paths differ by two undulations; and so on. 

Let the light proceeding from a very remote ori^n fall on 
the grating, whose opaque parts are represented by ab, a'h\ 
d'b\ &c. ; and let Q be the place of the eye. Then, if we take 
a portion of the grating, ad\ composed ofone opaque and one 
transparent portion, in such a maioner that the difference of the 
distances of its extremities from the point Q, Qja" - Qo', shall 
be equal to the length of 
a wave, it is manifest that 
the corresponding portion 
of the incident wave, a!a'\ 
may be divided into two 
parts very nearly equal, 
the waves sent from which 
to the point Q shall be 

in complete discordance. Without the grating, therefore, the 
effect of that portion of the incident wave would be null at the 
point Q, and no light from it would reach the eye. The 
effect of the grating, however, is to intercept the whole or 
part of one of the two interfering portions, and thus to render 
the other visible : and this effect is greatest when the opaque 
and transparent parts of the grating are equal. A bright 
band will therefore be visible in the direction Qa". The same 
thing will happen for all the similar divisions of the grating, 
the distances of whose extremities from the point Q differ by 
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two, tliree, or any whole number of undulatioDs ; anil thua 
there will be a euccesaion of bright bands, viable at different 
lingular diBtancea from the direct my PQ. 

These angles are eaaily computed. Let a'k be the archof 
a circle described with the centre Q ; then a"k = a'a" cob o'a'i 
- a'a" ein PQu". But the interval of retardation, a" A, ia equal 
to the length of a wave ; so that, if the angle PQa" be de- 
noted by C, and the interval composed of an opaque and trass- 
parent part of the grating, a'a", by (, we have 

Bin tf = — . 

This is the angtdar distance of the^ra* bright band from the 
central one ; and it ia obvious that the corresponding anglct 
for the band of the n"' order is given by the formula 

sin (f„ = — . 

The position of each ray, in these spectra, therefore depends 
solely on the length of the waoe, andia independent of the na- 
ture of the substance by which it is produced, 

(109) It ia a remarkable circumstance of the phenomenon 
whose laws we have been tracing, that when the experiment 
is performed with the requisite care, the several species of 
homogeneous light are bo pure and unmixed in the spectra, 
that thejixed lines may be discerned. These lines, then, are 
wholly independent of refraction, and exist in the parts of 
the solar beam before they are separated by the pnsm. The 
phenomenon, when thus exhibited, is however distinguished 
by a remarkable peculiarity. The distances of the fixed lines 
in the diffracted spectrum are olwa.ys proporlioiMl, whatever 
be the diffracting substance ; while the ratios of the intervals 
of the fixed lines (or of the bi-eadths of the coloured spaces), 
in the spectra formed by refraction, vary with the dispersive 
powers of the prisms. In fact, the angle 6 being small, 
may make sin - 9 sin I'; so that 




^eoce if, 9i, di, Bu denote the deviations oorresponding to any 
■lihree definite points in tbe spectrum, and Xi, X], A„ the florres- 
■ponding wave-lengths, it follows that 

fl, - e, A. - A, 
a, - e, Xa - A. ' 

or the intervals of the fixed lines of the spectrum are as the 
diiferencea of the corresponding wave-lengths, and are there- 
fore in an invariable ratio. The difi'erence in the disposition 
of the fixed lines, in the spectra formed by diffraction and by 
refraction, will be seen in the diagrams of Art. (Ill), in which 
the points B, C, D, &c., of the horizontal line BH, represent 
tlie relative positions of the principal fixed lines, in the spec- 
trum formed by a prism of Sint-ghiea, and in the dittracted 
Blieclrum, respectively. 



(110) The formula of Art. (108) suggests a very simple 
method of detenuining the /enj(/i of the wave corresponding 
to any ^ven ray of the spectrum. The value oft, or the in- 
itrval of the axes of the wires, may be asccriaincd with the 
feTeatest ease and precision ; and we have, therefore, only to 
measure the angular deviation, 9, of the ray of any simple 
colourfrouitheaxis, in order to deduce the value of A. Fraun- 
hofer computed in this manner the lengths of the waves cor- 
responding to the seven principal fixed lines of the spectrum ; 
and the resulting values ai'e perhaps the most exact optical 
cmnCanls we possess. 

The wave-lengths, corresponding to the principal fixed 
lines, B, C, D, E, F, G, H, expressed in millionths of a milli- 
metre, were thus found to he" 

688, 656, 589, 526, 484, 429, 393. 



p M. MoASotti has pointed out a curious relation between these a 
■ the lengths of the chorda which produce the notea of the diatonii 
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The wave-length corresponding to the middle paint of the 
diffiucted spectrum is 553*5 millionths of a millimetni 
The wave-lengths corresponding to the extreme visibkpaini 
are 738 and 369 millionths, respectively, the former of wtikji. 
is exactly double of the latter. 

(Ill) But the diffracted spectrum is further distinguished 
by the simplicity of the law which governs the intensity of the 
light in its several parts. The intensity of the light in the or^ 
dinary spectrum (formed by a prism of flint-glass) was dete^ 
mined by Fraunhofer, for the points corresponding to th$ j 
principal fixed lines. These intensities are represented by th^ 
ordinates of the curve in the annexed diagram. The ordinate '^ 




at the point m (situated between the fixed lines D and E, at a j 

distance Dm = -- DE) corresponds to the maximum inten- " 

sity, and divides the whole light of the spectrum into two 
equal parts, the areas of the two portions of the curve being '■ 
equal. 

The law of the intensity in the diffracted spectrum was 
deduced by Mossotti from the foregoing: it is represented by 
the ordinates of the curve in the following diagram. We see 
that — 




I. The ordinate which divides the light into two equal 
portions corresponds to the middle point of the spectrum. 

II. This ordinate is a maximum ; and the curve is si/m- 
metrical with respect to it as an axis. 
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Accordingly, the iutcnsity of the light of the latter spec- 
trum is a maximum at the middle of its lengthy and decreases 
thence symmetrically on either side. It is evanescent, when 
ihe wave-length increases, or decreases, by alx)ut one-third of 
the value corresponding to the maximum intensity. 

Hence while, in the spectra formed by refraction, the ratios 
of the spaces occupied by the several colours, and the intensities 
of the light at the several points, vary with the refracting snb- 
ftanee, they are, on the other hand, invariable in the diffracted 
qpectrum. The latter spectrum, accordingly, must be re- 
garded as the normal one, to which all others are to be re- 
ferred. 

(112) Gratings producing these effects may be formed in 
several ways — as, for example, by tracing a number of paral- 
lel Unes on glass with a fine diamond point. Fraunhofer suc- 
ceeded by such means in forming ruled surfaces in which the 
8tri« were actually invisible under the most powerful micro- 
scopes, the interval of the grooves being only the yyjjyiy of an 
inch. 

Analogous phenomena may be produced by reflexion. If 
t great number of parallel lines be engraved at very small and 
equal intervals upon a polished surface, the light reflected 
from the intervals of the grooves will interfere in a manner 
precisely analogous to that admitted through the apertures 
of the gratings; and will, by their interference, produce the 
most brilliant spectra. In some of the grooved metallic sur- 
fices constructed by Mr. Barton, there are 10,000 lines to the 
inch. With surfaces so minutely divided, the spectra pro- 
duced are as perfect as those formed by the finest prisms ; and 
the colours which they display are little inferior to those of 
the diamond. 

Similar appearances may be observed on metallic surfaces 
which have been polished with a coarse powder, the powder 
leaving nunute strise which produce the effects we have been 
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deaorlbing. They may also be very eiraply produced Ly pea 
ing the finger over tlie siirfaco of a piece of glass nioUteiM 
bythehrcath. The etria: thus formed ia the coatiDg ofvitpoi 
display very brilliant coloui's, which vary with the position! 
the eye. 



(113) The benutifid colours of mother of pearl 
instances of the same phenomena. This substance ia o 
posed of ft vast number of very tliin layers, which sre | 
dually and successively deposited within the shell of 
oyster, each layer taking the form of the preceding. Whffl 
it is wrought, therefore, the natural joints are cut throu^ 
in a great number of sinuoug haea; and the resultti 
faise, liowever highly pohflhed, is covered by an immense 
numher of undulating ridges, formed by the edges of llie 
layers. These stria: may be observed by the aid 
powerful microscope, although they are sometimes so close 
that 5000 of them occupy an inch. That they are the 
causes of the brilliant colours displayed by this subatanB 
has been placed beyond doubt by an experiment of Sir 
David Brewster. This experiment consisted simply 
taking the impression of the surface of the pearl on wax, or 
any other substance fitted to receive it : it was found tl»t 
the impressed surface displayed all the colours of the ori- 
ginal body. In fact, the colours of striated surfaces indicate 
their structure, perhaps more unerringly than any other 
means : Sir David Brewster has made a very ingeniom 
use of their laws, in investigating the curious and compli- 
cated structure of the crystalline lens in fishes and otiiet 




(114) There remains another class of phenomena pro- 
duced by diffi-action, which it is important to notice. 

We have already seen the effects produced, when light 
diverging from a linuinous point is transmitted through * 
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lairow aperture, and received on a screen. But if we 
?ary the experiment, by placing a lens of considerable focal 
length (as the object-glass of a telescope) immediatelj be- 
lund the aperture, and receive the image on a screen at 
the conjugate focus, the appearances displayed are altered 
in a remarkable manner, and differ more widely from those 
produced in the former case, as the aperture is greater. 
In &ct, the phenomena of diffraction are thus produced 
with apertures of considerable dimensions, and were observed 
by Sir William Herschel with the undiminished object-spe- 
cula of his great telescopes : they are rendered more dis- 
tinct, however, when the aperture of the telescope is limited 
by a diaphragm of moderate size. When a star is viewed 
through a telescope of high power, having its object-lens 
thus limited, its image is encompassed with a system of dif- 
fiacted rings slightly coloured, succeeding one another at 
equal intervals ; — the diameters of the rings varying in- 
yersely as those of the apertures. The phenomena vary in 
a very curious manner, when the form of the aperture is 
dianged. Thus, when a triangtdar diaphragm is substituted 
fer the circular one, the disc of the star appears surrounded 
bj a black ring, irom which diverge siz rays at equal in- 
tervals. 

These phenomena have been examined in detail by Sir 
John Herschel and by M. Arago. Their mathematical ex- 
planation has been given by Mr. Airy, in his valuable tract 
on the Undulatory Theory ; and the deductions of theory are 
found to be in complete accordance with the observed facts. 
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CHAPTER VII. 



COLOCHS OF THIN PLATES. 



(115) The colours of thin plates were first noticed by 
Boyle and Hooke. They are displayed in every instance 
which transparent bodies are reduced to films of great tenuitj. 
Boyle eucceeded in blowing glass ao thin as to exhibit th( 
phenomena; they are more readily developed in mf'ca, and 
^ome other transparent minerals, which possesB a lamellsr 
Btrncture ; but the most familiar instance of their exhibition 
ia in the^-o(A of li<juids, — the fluid envelopes of the bubble* 
which compose it being in general of extreme tliinness. 

These colours I'ary vrith the thickness of the film, and di* 
appear altogether when it passes certain limits. When the iSbn 
exceeds a certain thickness, all the colours are equally reflectedi 
and the reflected light is therefore tcMte. On the other hand, 
when the thickness falls below a certain limit, no light what- 
ever reaches the eye, and the surface of the film appears abso- 
lutely black. 

(116) The foregoing facts may be observed in the cominoa 
Boapbubble, when properly defended from the disturbing it 
fluence of cun-ents of air. If the mouth of a wine-glaee 
dipped in water, which has been rendered somewhat 
by the mixture of soap, the aqueous film which remMns itt 
contact with it after emersion will display the whole 
cession of these phenomena. When held in a vertical plsnei 
it will at first appear uniformly white over its entire surfaoei 
but, as it grows thinner by the descent of the fluid partJcl«i 
colours begin to be exhibited at the top, where it is thinneat. 
These colours arr.^nge themselves in horizontal bands, and 
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become more and more brilliant as the tliickness diminishes ; 
— ^mitil finallj, when the thickness is reduced to a certain 
limit, the upper part of the film becomes completely black. 
When the bubble has arrived at this stage of tenuity, cohesion 
is no longer able to resist the other forces which are acting on 
its particles, and it bursts. 

Similar phenomena may be observed when a drop of oil is 
let Ml on water. As the oil spreads rapidly over the surface, 
it is soon reduced to a very thin film, which displays the 
spectral colours. 

Every one has noticed the fact that steel and other metals^ 
when polished, acquire various shades of colour by exposure 
to the air. These colours are produced by a thin coating of 
metallic oxide, which is gradually formed on the surface. 'I lie 
formation of this oxide is greatly accelerated by an augmenta- 
tion of temperature; and the colour thus formed is so inva- 
liably connected with the thickness of the film, and this latter 
irith the degree of heat, that artists are in the habit of mea- 
suring the temperature by the colour developed. Thus steel, 
in the process of tempering, is said to have received a yellow 
heaty a blue heatj &c. 

The same appearances are displayed in a still more strik- 
ing manner by air itself, or even by a vacuum. If two 
plates of glass be pressed together by the fingers, we shall 
observe, round the point of nearest approach, a succession of 
coloured bands of great brilliancy, which dilate as the pressure 
is increased, and the inclosed plate reduced in tliickness. 

(117) In order to observe these phenomena, in such a 
manner as to be enabled to trace their laws, we must follow 
Newton. Newton's experiment consisted simply in laying a 
convex lens of glass upon a plane surface of the same mate- 
rial. The thickness of the inclosed plate of air increases as the 
square of the distance from the point of contact, and is, there- 
ibre, the same at all equal distances from that point ; and, as 
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the reflected colour depends on the tliickoesai the bands of tl 
same colour will be arranged in concentric circles, ofwhi( 
ibat point ie the centre. The same succeaeion of colours 
produced when any other transparent fluid is inclosed betwet 
the glasses. The colours, however, are more vivid, the moi 
the refractive power of the thin plate differs from that of tit 
Bubstancea within which it ia inclosed. 

When we look attentively at these rings, the light bein| 
reflected always at the same angle, we observe that the cen 
tral one is not a mere annulus, but a complete circle ofnearlj 
uniform colour. If then we diminish the thickness of th 
plate of air, by pressing the two glasses more closely together 
this central circle Is observed to dilate, and a new circle of i 
diflPerent colour to spring up in its centre. This will dilate ii 
turn, driving the former before it, and another circle appea 
within it J — until at length a black spot shows itself in iih 
centre of the ayatem, after which no further diminution a 
thickness will alter the succcBsion. When the black apo 
makea its appearance, we Iiave obtained a plate of air so thii 
as no longer to reflect any colours, and the phenomenon 
complete. Newton traced seven coloured rings round thi 
spot, the colours of which are said to be of the Jirst, s» 
cond, third, &c., order, according to the order of the ring 
which they belong. Thus, the red of the third order is th 
red in the third ring from the central black, &c. The wfaol 
a of colours is called Ntwton's scale. 



(1 18) The principal laws of these phenomena are include 
in the following propositions ; 

I. In homogeneous light, the rings are alternately br^h 
and black ; the thicknesses corresponding to the bright rinj 
of succeeding orders being as the odd numbers of the natur 
series, and those corresponding to the black ringa as the inte 
mediate even numbers, 

II. The thickness corresponding to the ring of any giv 
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order varies with the colour of the light, — ^being greatest in red 
light, least in violet, and of intermediate magnitude in light of 
intermediate refran^bility. In white or compound light, there- 
fore, each ring will be composed of rings of different colours, 
succeeding one another in the order of their rcfrangibility. 

III. The thickness corresponding to any ^vcn ring varies 
with the obliquity of the incident light, being very nearly pro- 
portional to the secant of the angle of incidence. 

IV. The thickness varies with the substance of the reflect- 
ing plate, and in the inverse ratio of its refractive index. 

(119) In order to establish the first of these laws, it is 
necessary to employ homogeneous light. This may be ob- 
tained by means of the prism : or we may adopt the method 
suggested by Mr. Talbot, and illuminate the glasses with a 
spirit lamp having a salted ^vick. The light of such a lamp 
being a yellow of almost perfect homogeneity, the rings will be 
alternately black and yellow ; and their number is so great as 
to baffle any attempt to determine it. 

The law of the thicknesses corresponding to the succes- 
sive rings is easily established. 
Let O be the point of contact ''' ^' ^' ^ '^ ^ ^ 




of the plane and spherical sur- yyi^' ^ y 

&ces, and aa', bb\ cc\ &c. the 

diameters of the successive rings formed round that point as a 
centre. It is evident that the thicknesses of the plate of air 
at the points where these rings are formed, aa, 6/3, cy, &c., 
are as the squares of the distances Oa, 06, Or, &c., or as 
die sqoares of the diameters of the rings : to determine the 
law of the thicknesses, therefore, we have only to measure 
these diameters. This was done by Newton with great ac- 
euracy, and it was found that the squares of the diameters 
were in arithmetical progression ; consequently, the thick- 
nesses corresponding to the successive rings formed a similar 
progression. 
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(120) But XewtoD did not stop here : lie 
further the absolute thichiutt of the plate of air at whidi< 
ring was formed. It b manifegt that if the thickness oftlid' 
plate be determined for any one ring, that corresponding to 
the others will be given by the law just stated. Kewlon, 
accordingly, proceeded to ascertain this thickness for the dark 
ring of ihejt^A order. This was done by measuring iU 
diameter accurately, and determining the radius of the sphen- 
cal surface from the focal length of the lens and its refractive 
index. The ttiickness Is thence imuediately deduced; forit 
ia equal to the square of the radius of the ring divided bj 
the diameter of the spherical surface. The value thus de- 
duced being suitably corrected, it was found that the thick- 
ness of the plate of air was the TTilinT °^ *^ inch, at the 
dark ring of the fifth order ; and this thickness being decupis 
of that corresponding to the first bright ring, it followed that 
the thickness of the plate of air, at the place o-i ihe, Jirst bright 
ring, was the 77-^,55!! ^^ ^° inch. Thus the bright rings ol' 
tlie successive orders are formed at the tlucknesscs 

I78OO0' ITBOOO' I7BOOO' 17B000 

and the intermediate dark rings at the thicknesses 



These determinations belong to the most luminous raya 
of the spectrum, or those at the confines of the orange and 
yellow. 

(121) The variation of the diameters of the rings (or of 
the thicknesses of the plate of air at which they are exhibited) 
with the colour of the light, may be observed by illuminatlDg 
the glasses with diffcreut portions of the Bpectruni in succes- 
sion, — or, yet more simply, by looking at the rings through 
coloured glasses ; and it is found that the magnitude of the 
rings is greater, the less the refrangibility of the light. This 
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leing understood, it is easy to comprehend the cause of the 
8acoe8sion of colours in each ring, when white or compound 
Hght is used. For the rings, iu this case, are the aggregate 
of the rings of different colours ; and these being of different 
magnitudes, the compound ring will be variously coloured, the 
more refirangible rays occupying the interior, and the less re- 
fiangible the exterior parts of the ring. It is easy to see also, 
diat ail phenomena of colour must disappear afler a few succes- 
aons, the rings of different colours, belonging to different 
orders, being at length superposed. 

The variation of the rings (and therefore of the thick- 
uesses) with the obliquity of the incident light may be observed 
bjr depressing the eye. The rings are then seen to dilate 
rapidly with the obliquity of the reflected pencil; the thick- 
nesses of the plate of air at which they are exiiibited being 
nearly as the secants of the angles of incidence or reflexion. 

The fourth and last law, which expresses the depend- 
ence of the thickness, at which any ring is foiined, upon the 
refractive power of the plate, is easily verified by introducing 
a drop of water between the glasses. The rings are then ob- 
seryed to contract ; and if we compare their diameters in air 
and in water, it will be found that the corresponding thick- 
nesses of the plate are as four to three, or in the inverse ratio 
of the refractive indices. 

(122) We have hitherto spoken only of the reflected rings. 
There is another system of rings formed by transmission^ but 
much fainter than the former. The transmitted rings are 
found to observe the same laws as the reflected rings,— with 
this remarkable exception, that the colour transmitted at any 
particular thickness of the plate is always complementary to 
that reflected at the same thickness; so that, in homogeneous 
light, the bright transmitted ring is always at the same dis- 
tance from the centre as the corresponding dark one of the 
reflected system. 



{ 123) The phonomena of thin plates are exhibited, under 
a modified form, in the following experiment : 

A little fine soap is spread upon a plate of black glasSi 
and 19 distributed uniformly by rubbing the surface lightly 
with a piece of soft leather. If then we blow on the surface, 
thus prepared, through a short tube, — taking care to direct 
the tube always to the same part of the plate, — the vapour of 
the breath will be deposited in a thin film, whose thicknesa 
diminishes regularly from the point to which the tube ia di- 
rected. This film will accordingly display a series of coloured 
rings analogous to those formed by the plate of air between 
two object-glasses, — mth this difterence, however, that tha 
order of the rings ia reversed, the outermost ling corresponding 
to the centre of Newton's scale. This little apparatus, con- 
trived by Blr. Bead, is denominated by him an iroscope. 

(124) It is now time that we should cuter on the physical 
account of these phenomena. 

For tlieir explanation, it has been already stated, Newton 
framed the hypothesis of the ^i^s of easy reflexion and trans- 
viission already referred to : its application to the phenomena 
of thin plates is obvious. The molecule of light is in &Jit qf 
easy traiismission in its passage through tha first surfiice ; this 
is succeeded by a fit of easy reflexion, — and so on alternately, 
the spaces traversed during the continuance of the fits being 
all equal. On arriving at the second surface, therefore, the 
molecule will be in a fit of easy transmission, or easy reflex- 
ion, according as the interval of the surfaces is an even or 
an odd multiple of the length of the fit. Thus the alter- 
nate succession of bright and dai'k rings, and the arithmetical 
progression of the thicknesses at which they are exliibited, are 
explained. 

To explain the second law, it is necessary to suppose that 
the leni/lh of the fits varies with the colour of the Jiyht, being 
greatest in red light, least in violet, and of intermediate mag- 
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mtode in light of intermediate refrangibility. Newton deter- 
mined the absolute lengths of these fits for the rays of each 
aimple colour, and found that they bore a remarkable numeri- 
eal relation to the lengths of the chords sounding the octave. 

To accoimt for the two remaining laws, Newton was con- 
strained to make new suppositions, and to attribute properties 
to the fits, which are inconsistent with every physical account 
which has been given of them. Thus, to explain the dilata- 
tion of the rings with the obHquity, he assumed that the 
length of the fits augmented with the incidence^ and nearly in 
the ratio of the square of the secant of the angle of incidence. 
This assumption is at entire variance with the physical theory. 
If the fits are produced by the vibrations of the ether which 
are propagated fiister than the luminous molecules, and which 
alternately conspire with and oppose their progressive motion, 
their lengths should continue the same in the same medium, 
whatever be the incidence. 

The fourth law appears to be also irreconcileablc with the 
theory. The thicknesses of the plates of different media, at 
which the same tint is exhibited, being in the inverse ratio of 
the re&active indices, it was necessary to suppose that the 
lengths of the fits varied in the same proportion ; and since, in 
the Newtonian theory, the refractive indices are directly as 
the velocities of propagation, it would follow that, as the ve- 
locities augmented, the spaces traversed by the ray in the 
interval of its periodical states must diminish^ and in the same 
proportion. 

(125) Newton seems to have regarded this hypothesis as 
the mere expression of a physical fact, and in this light it was 
long considered. It cannot be denied that, as the thickness 
of the plate increases, the light appears by reflexion and trans- 
mission alternately ; and it is of no moment, it may be said, 
by what name these alternate states are called. But if we look 
more narrowly into the theory, we shall find that it assumes 
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tbe kllcnutc appearance of the light, m the reflected and 
tnnsmitted peocild, to be the effect of an alternate reflexioit 
and tnuiEiiusdoD at a sitigle surface, tliat surface being As | 
MCfwf Borface of the platr. Kow it can be shown that thia 
sujqioeition U untrue ; that light U reflected from both siufaces , 
of the plate ; and that the concurrence of these two reflectti 
p€»nlt is an essential condition of the phenomenon. | 

To d)ow this, let na employ (instead of common light) 
light which is polarized in a plane perpendicular to the plttM 
ofintiiirmce : and let it fall upon a plate of air incloBed between 
two tranaparcnt suriaces of different refractive powers. Under 
tbcsc cinnimstaoces it is found that the intensity of the light 
in the rings varies with the incidence ; and that the whole 
^rstem dit ap ptar t in two cases, namely, when the inoidence 
comspoodd totlie potariring angle of either of the media. 

To understand the conclusion to which this leads, we must 
assume a property of light which will be hereafter established 
— namely, that when light, thus polarized, \s incident upon a 
transparent surface at what is called the polarizing angle, it is 
leholly traiismiUed, and no portion of it whatever reflected. 
We see then, from the experiment, that the rings disappear 
when the light reflected from either of the two surfaces of the 
plate vanishes ; and we are therefore warranted in concluding, 
that the light reflected from both surfaces of the plate is essen- 
tial to their production. 

( 1 26) The preceding experiment, and the conclusion drawn 
Irom it, lead us to the very threshold of the true theory. 

In fact, the light incident on the first surlitce of the 
plate is in part reflected, and in part also tranamitted. The 
transmitted portion undergoes a similar subdivision at the 
second surface ; and part of the light reflected at that surface 
will emerge through the fir3t,and reach the eye along with that 
reflected there. Thus the reflected light consists of two por- 
tions, one rcflecled at the upper, and the other at the lower sur- 
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&» of the plate ; and these two portions will interfere^ and 
rmfSMToe or weaken each other's effects, according as they 
reach the eye in the same or in opposite phases. 

(127) This mode of explaining the phenomena of thin plates 
vas pointed out by Hooke, in a remarkable i)assagc in his 
Micrographia^ some years before the subject was taken up by 
Newton. In thb passage he very clearly describes the manner 
in which the rings of successive orders depend on the interval 
of retardation of the second *^ pulse," or wave, with respect to 
the first, and therefore on the thickness of the plate. But he 
does not seem to have had any distinct idea of the principle of 
Interference itself; and his conception of the mode in which 
the colours resulted from this *' duplicated pulse" is entirely 
erroneous. Euler was the next who attempted to connect the 
phenomena of thin plates with the wave-theory of light ; but 
the attempt, like all the physical speculations of this great 
mathematician, was signally unsuccessful, and the subject re- 
mained in this unsettled state, until the principle of Interfer- 
ence was discovered by Young. When this principle was 
combined with the suggestion of Hooke, the whole mystery 
vanished. The application was made by Young himself, and 
all the principal laws of the phenomena were readily and sim- 
ply explained. 



(128) Let mon be the course of a ray reflected at the first 
sor&ce of a plate ; mopo'vL that of the 
ray reflected at the second surface, 
and twice transmitted through the 
first. From the point o' let fall the 
perpendicular or' upon the reflected 
ray on ; it will be also perpendicular 
to o'ji', and will therefore be parallel 
to the front of the two reflected waves. 
Now let us conceive a wave reflected at the first surface, in 
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the position or, to meet at tlie same place an anterior wavS 
reflected at the second aurlace, and let us calculate the origi- 
nal interval between them. From the time that they reached, 
the first Burfacc at o, one has traTclted over the space or", and 
the other over the space op +po'. But, if we let fall the per- 
pendicular or upon po', it is evident from the law of refraction 
that the spaces or and o'r are traversed in the same time in 
the two media; and, consequently, that the interval of retar- 
dation is the timeof ilesciibingo/j+pr, Nowpr= iipcoB2opqf 
and therefore op +pr = oja (1 + cos 2opj) = 2op cos' opq. But 
op cos apq " pq ; and, consequently, the interval is 2pq cos opq. 
Or, if we denote tliat interval by S ; the thickness of the plat«, 
pq, by t ; and the angle opq by 9, — 
S = 2( cos 6. 

Thetwo waves are incomplete accordance or discordance, when 
the interval of retardation is an exact multiple of the length 
of half a wave : i, e. when 

n being any number of the natm-al series. Equating these 
values of g, therefore, we have, for the values of the thickness 
of the plate which will produce a complete accordance or dis- 
cordance of the two waves, 

( = \nk see 6. 
We leara then, 1st, that the successive thicknesses of the 
plate, for which the intensity of the reflected light is greatest 
or least, are as the numbers of the natural series ; 2ndly, that, 
for different species of simple light, these thicknesses are 
proportional to the lengths of the waves ; 3rdly, that, for dif- 
ferent obliquities, they vary as the secant of the angle of in- 
cidence on the exterior medium ; and, 4thly, that, for plates 
of different substances, they are proportional to A, and there- 
fore in the direct ratio of the velocity of propagation, or in the 
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e ratio of the refractive inilex of the substance of wliich 
^ plate is coQipoGed. 

(129) There is one part of the preceding es|)lanation 
ich demands a httle further consideration. The two waves 
complete accordance ivhen the interval of retarda- 
iB an even multiple of the lengtli of half a wave, and in 
rtplete discordance when that interval is an odd multiple of 
same quantity, it would seem, from the foregoing account, 
it the bright rings should be formed at all those points for 
ich ti is an even number in the formula Hbove given, (or 
thickness an even multiple of ^ X sec 0), and the dark 
;3 at those points for which it is odd. If this were true, 
le point of contact should be a point of accordance, and the 
rings should commence from a bright centre, instead of a dark 
one. 

This apparent discrepancy is explained by the fact, that 
the two reflexions take place under opposite circumstances, 
one of the rays being reflected at the surface of a denser, and 
other at that of a rarer medium. 

The effect of this difference will be best understood by a 
simple illustration. When one elastic ball strikes another at 
Test, it communicates motion to it in all cases ; but its own 
condition after the shock will depend on the relative masses 
of the two balls. If the balls be equal, the first will remain 
at rest after the shock. If they be unequal, it will move j 
and its motion will be in the direction of its former motion, 
when its mass exceeds that of the second ball, — it will be in 
the opposite direction when it is less. This will help us to 
understand what passes when a wave reaches the surface se- 
parating two media. The particles of ether next the bound- 
ing surface communicate motion to the adjacent particles of 
tlie second medium, and thus give rise to the refracted wave. 
But the former particles will not remain at rest afterwards, 
unless the density and elasticity of the ether be the same in 
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tbe two media. When thU is not the case, the purticles of 
the firat medium will move, after communioiitlDg motion to 
those of the second, and, in moving, give rise to the re/ledti 
wiire. Thii8 Tefraction 13 always accompanied by refiexim i 
and this reflexion is greater, the grejiter the difl^erence of the 
densities oftheethecin the two media. Itappears also, from 
wliat has been said, that the direction of the motions of the 
particles of the first medium, after they communicat-e motion 
to those of the second, will be different, according as thu 
ether is deiiser or rarer in the first medium. In the fonnW 
case the vibration of the particles is in the same directim 
that it was before ; in the latter it is in the opposite diredi 
Thus there will be a reflected wave in both cases ; but in one 
case this reflected wave is caused by a vibration in the »atne 
direction as that of the incident wave; in the other, by a vi- 
bration in an apposite direction. 

The result of this difference is obviously the same as if 
one of the systems of waves were to gain or lose half 1 
dulation on the other ; so that when the two waves, reflected 
from the two surfaces of the plate, should be in complete ac- 
cordance, — as far as depended on the difference of the lengths 
of their paths, — they will actually be in complete discordauce, 
and vice versa. Thus the dark rings will be formed where 
the thickness of the plate is any even multiple of J X see 6, 
and the bright ones where that thickness is an odd multiple 
of the same quantity; and the taets and the theory are re- 
conciled. 

(130) The piinciple which we have been illustrating has 
been experimentally established by M. Babinet, by an inde- 
pendent method. A pencil of rays diverging from a narrow 
aperture is separated Into two, slightly inclined to one 
another, by means of the obtuse prism (85). These are al- 
lowed to fall on a thick plate of parallel glass, whose second 
sui-iiice is quicksilvered in one-half of its extent; and 
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ft manner as to be both reflected by tbe transparent portion of 
that surface, or both by the opaque portion, or one by the for- 
mer and the other by the latter. These two portions will 
interfere, and produce fiinges after reflexion ; and it is found 
that, in the two former cases, the central band is whitey the 
two wayes being in complete accordance : in the third case — 
i.e. when one of the pencils is reflected from the rarer, and 
fke other from the denser medium — the central band is a 
Hack one; the two wayes are, therefore, in complete dis- 
cordance, and their phases difier by half an undulation. 

It follows from the preceding, that in the system of rings 

formed between two object-glasses, the central spot will be 

tohitey if the thin plate is of a density intermediate to those of 

the two glasses ; for it is evident that the reflexion takes place 

under the same conditions at the two surfaces — i. e. in both 

cases at the surface of a rarer, or in both at that of a denser 

medium. This anticipation of theory was verified by Young, 

by inclosing oil of sassafras between two object-glasses, one 

of which was of flint-glass, and the other of crown-glass. 

(131) We have spoken of another set of rings visible by 
transmission. These are produced by the interference of the 
rays directly transmitted through the plate with those which 
penetrate it after two interior reflexions. It follows from the 
preceding considerations that they should be complementary 
to those seen by reflexion; and this is observed to be the 
case. The extreme paleness of the transmitted rings arises 
from the great difference in the intensities of the interfering 
pencils. 

(132) The theory of thin plates, as it came from the hands 
of Young, laboured under an imperfection, which was, how- 
ever, soon removed. It is obvious that the intensities of the 
two portions of light, reflected from the upper and under sur- 
faces of the plate, can never be the same, — the light incident 

I 
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! being nlready weakened by partial 
I at the first. The» two portioiis, therefore, can 
r whoUy dwt i o j one uwllier hy interference, and the 
n^ tt Ihe ligbt in the dark ringa can never ectird; 
, as it i|ipewa to do when bomogeneoua light h em- 
plored. 

PutasoB was the first to point oat, and to remedy, Has 
defect in the tbeorr. It is evident, in fact, that there 
OMHt be aa infinite number of partial reflexions within the 
|i)atei at each of which a portion is transmitted ; and tkt 
a the oon qfaB these portions, and not the two first terms 
s onij, which is to be considered in the calcula- 
I of the effect. When the problem is taken up in tlus 
egeoeiat form, it ie found that, where the effective thick- 
8 of the plate 13 an exact multiple of tlie length of halfft 
wave, the inteoaties of the reflected and transmitted lights will 
be the same ae il'it were removed altogether, and the bound- 
ing media placed in ab^lute contact. Hence, when these 
media *n of the same refractive power, the reflected light 
must vanish altogether, and the traosmittcd light be egnal to 
the incident. 

Here then we have reached a point, \nth respect to which 
the two theories are completely opposed- According to bott, 
a certiun portion of light is reflected from the first surface 
of the plate. Tlus portion, in the Kewtonian theory, is lefi^ 
in all cases to produce its full effect, and there should there- 
fore be a considerable quantity of light in the dark rings j 
while, in the wave-theory, it is, at certain intervals, wholly 
destroyed by the interference of tlie other portions, and the 
dark rings should be absolutely blaei: in homogeneous light. 
The latter of these conclusions seems to accord with 
phenomena, while the former is obviously at variance with 
them. This is clearly shown by an experiment of FresneU A 
prism was laid upon a lena having its lower surface blackened, 
a portion of the base of the prism being suflTered to extend b» 
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yond the lens. The light reflected from this portion, accord- 
ing to the Newtonian theory, should not surpass that of the 
dnk rings in intensity. The roughest trial is sufficient to 
ihow that the intensities of the light in the two cases are widely 
Merent, and thus to proye that the dark rings cannot arise 
(a8 they are supposed to do in the theory of the fits) from the 
nppression of the second reflexion. 

(133) When a pencil of light falls upon two plates in suc^ 
oeseion, some of the many portions into which it is divided by 
partial reflexion at the bounding sur&ces, are frequently in a 
condition to interfere, and to ^ve rise to the phenomena of 
cdoor. 

Thus, when light is transmitted through two parallel 
platesy slightly difiering in thickness, the colour is the same 
18 that produced by transmission through a single plate, 
whose thickness is the difference of their thicknesses, and is 
found to be independent of the interval of the plates. This 
plienomenon was observed by Nicholson; and it has been 
flbownby Young to arise from the interference of two pencils, 
one of which is twice reflected within the first plate, and the 
other twice reflected in the second. It is obvious, in fact, 
that if £ be the thickness of the first plate, and t' that of the 
second, the first pencil will have traversed the thickness 
3^ + ^ in glass, and the second the thickness St' -f f, the 
spaces traversed in air being the same ; so that the interval 
of retardation is the time of describing the space 2(^ - ^) in 
glass. Sir David Brewster observed a similar case of inter- 
ference, produced by two plates of equal thickness slightly in- 
elmed; the thickness traversed in the two plates being altered 
by their inclination. 

In the foregoing cases, the interfering pencils are mixed 
up with, and overpowered by, the light directly trans- 
mitted, and some contrivance is necesssary to make the 
colours visible. The phenomena are much more obvious in 

I 2 
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the light reflected from both plates, which, on account of 
their inclination, is thus separated from the direct light. It 
a obvious, in fact, that the direct image of a luminoos object, 
Been through two glasses slightly inclined, will be accom- 
ptinied by several lateral images, formed by 2, 4, 6, &c. re- 
flexions. These images Sir David Brewster observed to be 
richly coloured ; the bands of colour being parallel to the line 
of junction of the two glasses, and their breadth being greater, 
the less the inclination of the plates. The colours in the first 
lateral image are produced by the interference of the two pencils 
ABCDEFGH, ABCdefyh, into 
which the ray is divided at the 
first surface of the second plate ; 
one of these portions being re- 
flected externally by the second 
plate, and internally by the first, 
— while the other is reflected in- 
ternally by the second, and exter- 
nally by the first. The routes of 
these portions are obviously equal 

when the plates are parallel, and differ in length only by 
reason of their inclination. 

(134) The two preceding cases of interference may be 
produced with plates of any thickness. What are termed the 
colours of thick plates, however, are phenomena of another 
kind, and arise in circumstances wholly different. These 
phenomena were first observed by Newton. 

In Newton's experiment a beam of light is admitted 
through a small aperture, and received on a concavo-convex 
mirror with parallel surfaces, the hinder of which is silvered. 
A screen of white paper being then held at the centre of the 
mirror, having a hole in the middle to let the beam pass and 
repass, a set of broad coloui'cd rings will be depicted on it, 
similar to the transmitted rings of thin plates. The 
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ira of these rings vary invereely as the square reels of the 
licknesses of the mirrors. 

When the mirror is inclined a Uttle, so aa to throw the 
eflected image a little to one side of the aperture, the rings are 
9 before ; but their centre is in the middle of the line 
uning the aperture and its image. At this centre is a spot, 
rhich changes its appearance in a reniarkable manner as the 

Lge recedes from the aperture, being alternately dark and 
bight in homogeneoua light, and in white light aasuoiing 
iBvery gradation of tint in rapid succession. 

(135) These phenomena have been shown to arise from I 
the interference of the two portions of light, which are irre- I 
ffulariy scattered in the passing and repassing of the ray" f 
through the refracting surface. 

Thus, let O be the aperture through which the beam ' 
admitted, and let it 
&J1 perpendicularly on 
reflecting plate at A 
and B. A portion of 
the incident light will 
be irregularly scat- 
tered, in the passage of 
therayOAB through 

the first surface of the plate ; and thb portion will diverge 
from the point A in all directions. Let AC be one of the rays 
which compose this scattered portion : this is reflected at the 
second surface of the plate in the direction CD, and emerges 
the direction DM. But the direct ray, AE, which is 
reflected back in EA, will again be partially scattered in 
repassing through the first surface. Let AM be one of the 
lays of this second pencil, meeting the ray DM of the first at 
the point M; and let us calculate their interval of retardation. 
The latter has traversed the space AB + BA in glass, and 
AM in air ; while the former has described the space 
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AC + CD in glass, and DM in air. The interval of retar- 
dation is therefore the time of describing AM - DM in air, 
plus the time of describing 2 (AB - AC) in glass ; and it 
is easy to prove that the corresponding space in air is equal 
to 

by" 
a(;2b + fjiay 

in which a denotes the distance, OA, of the screen from 
the plate ; b the thickness, AB ; and y the distance, OM, of 
any point on the screen from the aperture. Equating this 

to n ^, it follows that the successive bright and dark rings will 

be formed where 

^ ^^ 2b ' 

When a is very great in comparison with by as is usually the 
case, we have simply 



y'= 






(136) The phenomena of the colours of thick plates have 
been reproduced by M. Babinet under a more instructive 
form. 

The rays proceeding from a luminous point are refracted 
by a lens, and are then received upon a transparent plate 
with parallel surfaces, interposed between the lens and its 
focus. If now this plate be slightly tarnished, or covered 
with powder, a series of concentric rings will be formed around 
the focal image. The innermost of these is white; and this is 
followed by a series of coloured rings in the order of Newton's 
scale. Their diameters increase with the distance of the plate 
from the focus, and diminish as the thickness of the plate in- 
creases. They are formed, as before, by the interference of the 
two pencils, which are scattered in passing through the two 
surfaces of the plate. 
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The phenomenon is leduoed to its simplest conditions, bj 
reeeiTing the light diverging firom a nairow rectilinear aper- 
ture upon two polished wiresy stretched parallel to the slit, and 
nearly in the same plane with it. If then the eye, fortified 
by a lens, be placed so that the sum of the distances of the 
aperture and of the eye fiom each wire is the same, a series of 
coloured fringes will be seen, formed by the interference of 
die pencils irregularly reflected by the two wires. 

(137) When the interval between two glasses is filled 
with different substances, — such as water and air, or water and 
oil, — in a finely subdivided state, the portions of light which 
have traversed them are in a condition to interfere, the inter- 
val of retardation depending on the difference of the velocities 
of light in the two media. Accordingly, coloured rings will 
be seen, when a luminous object is viewed through the glasses, 
the rings being similar to those usually seen by transmission, 
but much larger. But when a dark object is behind the 
glasses, and the incident light somewhat oblique, the rings im- 
mediately change their character, and resemble those of the 
ordinary reflected system ; one of the portions, in this case, 
being reflected, and therefore suffering a loss of half an undu- 
lation. 

These phenomena were observed and explained by Yoimg, 
and were denominated by him the colours of mixed plates. 
Young observed some similar effects in an unconfined medium. 
Thus, when the dust of the lycoperdon is mixed with water, 
the mixture exhibits a green tint by direct light, and a purple 
tint when the light is indirect ; and the colours rise in the 
series, when the difference of the refractive densities is les- 
sened by adding salt to the water. The interval of retarda- 
tion, in this case, depends on the magnitude of the transparent 
particle. 

(138) In concluding this review of the two theories, in 
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their application to the laws of iinpolarized liglit, it shoi 
observed, that any well-imagined liypotheeis may be aci 
dated to phenomena, and seem to explain them, if only we 
crease the number of its assumed principles, bo as to embrace 
each new class of phenomena as it ariaee. In a certain sense euch 
an explanation may be eaid to be true, so long ae it ia thus 
made to represent all known facta ; but it is no longer a theory, 
whose very essence it is to ascend in simplicity, at the same 
time that it rises in generality : — it is " a raob" of hypothe- 
tical laws, without connexion, order, or dependence. 

These remarks apply to the explanation of the phenomena 
of thin jilates adopted in the theory of emission. These phe- 
nomena, Newton saw, could not be accounted for on the bare 
hypothesis of molecules shot from the luminous body, and sub- 
jected to the attractive and repulsive forces of tlie bodiea 
which they met in their progress. He was compelled to add 
a new property to light, — to endow the molecules with dis- 
positions which seemed wholly alien to their other proper- 
ties, and which could only be connected with them by as- 
suming a material mechanism much more complicated than 
was at first proposed. But this was not all. Each of the laws 
of thin plates was found to require a new property in the fits 
to which they were rcfeiTed; andwone ofthese properties were 
in any way related to the rest, or to the mechanism on which 
they were supposed to depend. 

These imperfections of the emission- theory are still 
more glaring when we pass from one class of phenomena to 
another. The phenomena of diffraction, for example, are 
referred to principles altogether different from those which 
seemed to be required in explaining the colours of thin plates; 
and the two classes of phenomena, in this way of accounting 
for them, bore no relation of any kind to each other. 

All this is otherwise in the wave-theory. Here the 
several classes of phenomena are deduced from a common prin- 
ciple, and are, therefoi-e, mutually related. The principle of 
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"ence is a necessary consequence of the nature of a vi- 
; and this one principle^ as we have seen, explains in 
st complete manner the laws of the other phenomena. 
b it is not merely in their reference to a common origin 
ese phenomena are thus related : they are even bound 
shain of number. The simple laws oiinterference^ — the 
diffraction^ — and those of thin pfatesy — are all dependent 
sinffle constant for each kind of light, — the length of a 
1 each medium ; and this constant being inferred from 
e experiment, in any one class of phenomena, we can 
ye numerically the details of all the rest, and compare 
nth the results of measurement. The agreement is 
o be complete. 
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POLARIZATION OF LIGHT. 



(139) In the various phenomena which take place 
a ray of light encounters the surface of a new metlium, itliu 
been supposed that the direction and intensity of the seveial 
portions into which it is subdivided will continue the same, 
on whatever side of the ray the surface is presented, provided 
that the angle and the plane ofincidence continue unchanged. 
In other words, it was taken for granted that a ray of light hod 
no relation to space, with the exception of that dependent on 
its direction ; that, around that du-ection, its properties were 
on all sides alike ; and that, if the ray be made to Pevolvfl 
round that line as an asis, the resulting phenomena would be 
unaltered. 

Huygens was the first to observe that this was not always 
the case. In the course of his researches on the law of double 
refraction, he found that when a ray of solar light is rec^ved 
upon a rhomb of Iceland crystal, in any but one direction^ it 
is always subdivided into two of equal intensity. But, on 
transmitting these rays through a second rhomb, he was sur- 
prised to observe that the two portions, into wliich each of 
them was subdivided, were no lonf/er equally intense ; that their 
relative brightness depended on the position of the second 
rhomb with regard to the first ; and that there were two auch 
positions in which one of the rays vanished altogethi 

On analyzing the phenomenon, it is found tliat these two 
positions are those in which the principal sections of the t^O 
crystals &v& parallel or perpendicular. Wlien these sections are 
parallel, the ray which lias undergone ordinaiy refraction by 
the first crystal will be also refracted ordinarily by the second ; 
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paA the ray whicli \iaa been extraonUuarily refracted by the 
fiiftt will be also extraordinarily refracted by the second. On 
tiu contrary, when the priDci[)al sections of the two oryatals 
are perpendicular, the ray which has sufibrcd ordinary refrac- 
tion by the first crystal will undergo extraordinary refraction 
by the second ; and the estraordinary ray of the first will be 
refracted according to the ordinary law in the second. In the 
iutemiediate positions of the two principal sections, each of 
the rays refracted by the first crystal will be divided into two 
by the second ; and these two pencils are in general different in 
intensity, their intensities being measured by the square of the 
coane of the distance from the position of greatest intensity. 

(140) From this "wonderful phenomenon," as Huygens 
justly called it, it appears that each of the raya refracted by 
the first rhomb has acquired properties which distinguish it 
altogether from solar light. It has, in iiict, acquired sides ; 
and it is evident that the phenomena of refraction depend, iu 
some unknown manner, on the relation of these eidea to cer- 
tain planes within the crystal. Such was the conclusion of 
Newton. " This argues," says he, " a virtue or disposition 
in those aides of the rays, which answers to, and sympathizea 
with, that virtue or disposition of the crystal, as the polea of 
two magnets answer to one another." 

Although the phenomenon discovered by Huygens was 
one of such importance, in the mindof Newton, as to force him 
to admit the existence of properties in the rays of light which, 
until then, had never been imagined, yet the result remained, 
lor more than 100 years, a unique fact in science; and the 
kindred phenomena — the properties wliich light acquires in a 
greater or less degree in almost every modification which it 
undergoes — remained unnoticed until the beginning of the 
present century. 

I (HI) In the yeai- 1808, while Malus was engaged in the 



POl.ABIZATIOJi OF tlGHT. 



experimental resenrclieB by which he eetAbliehed the Huyge- 
niac law of double refraction, he happened to turn a double- 
refracting prism towards the windows of the Luxembourg 
])alace, which then reflected the rays of the setting sun. On 
turning round the prism, he was astonished to find that the 
ordinary image of the window nearly disappeared in two oppo- 
site positions of the prism ; while in two other positions, at 
right angles to the former, the extraordlnjiry image nearly 
vanished. Struck with the analogy of this phenomenon to 
that which is observed when light is transmitted through two 
rhomboids of Iceland spar, Mains at first ascritied it to some 
property which the hght had acquired in its passage through 
the atmosphere ; but he soon abandoned this idea, and found 
that this new property was impressed upon the light by le- 
flexion at the surface of the glass. 

Pursuing the subject, he was led to the important discO;. 
very, that when a ray of light is reflected from the surface of 
glass, or water, or any other transparent medium, at certain 
angles, the reflected ray acquires all the characters which 
belong to the light which has undergone double refraction. 
When received upon a rhomb of Iceland spar, or a double- 
refracting prism, one" of the two pencils into which it is divided 
vanishes in two positions of the rhomb, — namely, when thi 
principal section of the crystal is parallel or perpendicular 
to the plane of reflexion ; while, in intermediate positions, 
these pencils vary in intensity through every possible 
dation, 

A ray, then, may acquire sides or poles — may, in short, 
be polarized- — by reflexion at the surface of a transparent 
medium, as well as by double refraction. The plane of po- 
larization is the plane of reflexion at which the eflfcct is pro- 
duced ; and it is experimentally known by its relation to the 
principal section of a double-refracting crystal, — the rayundav 
going ordinary refraction only, when the principal section 
parallel to the plane of polarization. 



POLAKIZATION OF LIGHT. 125 

(142) But a polarized ray posaesseB other characters. 
When a ray of light, proceeding directly from a self-luminous 
body, is received upon a reflecting surfiice at a given angle, 
the intentdty of the reflected beam will be unaltered, whether 
the BUT&ce be above or below, on the right or on the left of 
the incident beam. The case, however, is diiferent, if, instead 
of the direct light of a self-luminous body, we submit to the 
same trial light which has been already polarized. It is then 
no longer indifierent on what side of the ray the new sur- 
&ce is presented. The inclination of the reflected or trans- 
mitted ray will, indeed, remain unaltered, on tchatever side 
the sor&ce be presented, but its intensity will be veiy dif- 
ferent ; and a ray which is reflected most intensely when the 
new Burfiu^ is presented at one side, under a certain angle, 
will be wholly transmitted when it is ofiered to another, nil 
other circumstances being identical. 

It is evident then, that the ray which has suflfcrcd reflexion 
at the first surface, in this experiment, has in consequence 
acquired properties wholly distinct from the original light. 
The latter is equally reflected in every azimuth of the plane 
of reflexion; while, on the other hand, the intensity of the 
twice-reflected ray diminishes, as the angle between the re- 
flecting planes increases ; and it vanishes altogether, and the 
ray is wholly transmitted, when the plane of reflexion at the 
second surface is perpendicular to that at the first. These 
ttdes, or poles, once acquired, are retained by the ray in all 
its future course, provided it undergoes no further modifica- 
tion by reflexion or refi:action ; for, whether the plates be an 
inch or a mile asunder, the phenomena are the same. 

(143) A polarized ray, then, is distinguished by the follow- 
ing characters : — 

I. It is not divided into two pencils by a double-refracting 
crystal, in two positions of the principal section with respect 
to the ray ; being refracted ordinarily^ when the plane of 
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polarization coincides with the principal section, and extn^ 
ardinarili/ when it is perpendicular to it. In other cases it 
gives riae to two pencils, which vary in intensity according ta 
the position of the piindpal section. 

II. It Buffere no refiesiontA the polished surface of a traii^ 
parent medium, when this surface is presented to it at a tut- 
tcua angte, and in a plane of incidence perpendicular to tlM 
plane of polarization ; while it is partially rejected, when tin 
reflecting surface is presented in other planes of incidence M 
under different angles. 

The apparatus best fitted for the exhibition of these phe- 
nomena is that devised by M. Biot. It consists of a tube, 
furnished at its extremities with two graduated rings, which 
are capable of revolving in a plane perpendicular to i1 
Each of these rings carries a plate of glass set in a 
and held hy two projecting arms. These plates are capable 
of revolving round a transverse asis, so that their incli- 
nation to the axis of the tube may be vaiied at pleasure j 
and a small graduated circle, attached to one of the arms, 
measures the inclination. The whole apparatus is connected 
with a vertical pillar, by a moveable joint, so that the tuba 
may be inclined to the horizon at any angle. In this fonn of 
the apparatus, it is arranged to exhibit the properties of polar- 
ized light dependent on reflexion : in order to show the other 
properties, one of the glass plates may be removed, and s 
double-refracting prism, or a plate of tourmaline, substituted 
in its place. 

(144) The angles of incidence at which light is polarizet}: 
are called the angles of polarization. They are in general dif- 
ferent for different substances : thus the angle of polarization 
oi glass is 57°, and that of laater, 53°. 

The connexion between the polarizing angles and the other 
properties of substances with regard to light was discovered 
by Sir David Brewster, In the year 1811 he commepg 
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[ an extensiye series of experiments, with the view of deter- 

miiiiiig the angles of polarization of diiferent media^ and of 

oonnecting them by a law. The result of these investiga- 

'^onswasthe simple and remarkable principle, that *^the index 

qf refraction of the substance is the tangent of the angle of 

pokarizatian** Henco, when the refractive index is known, the 

; wgle of polarization is inferred, and vice versa; and we learn 

fixnn the law that this angle ranges in different substances 

fiom 45^ upwards, increasing always with the refractive 

power. 

The re&aotive index being different^ for the differently 
coloured rays which compose solar light, it follows that all 
the rays of the spectrum are not polarized at the same angle ; 
80 that if a beam of solar light be reflected successively by 
two glass plates, whose planes of reflexion are at right angles, 
the reflected beam will never be wholly extinguished, but 
will be ooloqred red or blue^ according as the angle of in- 
cidence is the polarizing angle of the more, or of the less re- 
fiangible rays. When the angle of incidence is the angle of 
polarization corresponding to the most luminous portion of the 
spectrum, the reflected light is of a purplish tint, formed by 
die union of the remaining rays in different proportions. 
These effects are, of course, most observable in highly dis« 
persive substances. 

The law of Brewster may be presented in another form. 
We may say that the angle of polarization is such, that the 
re/Iected and refracted rays ffrm a right angle. In fact, if this 
ungle be denoted by ir, and the corresponding angle of refrac- 
tion by pf we have 

, sin TT sin v 

tan TT « u, or = -: — ; 

cos TT sin p 

therefore, cos ir = sin p, and tt + p = 90*. 

Now the angle of reflexion is equal to the angle of incidence, 
v ; consequently the angles of reflexion and refraction are 
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coiopleneQtarrr uhI the reflected and refracted rays arc per- 
pendicular. 

(145) The law of Brewster applies to the caae of Ught 
reflected from the surface of a rarer, as well aa that of a 
deoser, oiecliuiQ ; aad it follows from it, that the hco anglts a/ 
polarisation, at the bounding surface of the same two medb, 
are eonipltmrulary. For the index of refraction, from the 
denser ialo the rarer medium, is the reciprocal of the inJei 
whcD the light procecda in the contrary direction; conse- 
quently, the taogents of the angles of polarization are recipro- 
cals, and the angles themselves complementar}-. 

It follows from this, that when a heam of light falls upon 
a medium hounded by parallel planes, and at the polariz- 
ing angle of the first sur&ce, the portion which enters tlie 
medium will meet the second surface also at its polaii^Dg 
angle, and be completely polarized by reflexion there. For 
the ray being incident upon the first surface at the polarizing 
angle, the angle of refraction will be the complement of the 
angle of incidence, and will be therefore equal to the angle oi 
polarization at the second surface. But the surfaces being 
parallel, the angle of refraction at the first sur&ce is equal td 
the angle of incidence at the second ; the ray will therefore 
fall upon the second surface at its polarizing angh 

From the same principles it follows, that if several platea 
of glass, or of any transparent substance, be arranged parallel 
to one another, and a ray of light be incident upon the first 
surfitce at the polarizing angle, the several portions which 
reach the succeeding surfaces will meet them also at theii! 
polarizing angles, and the portions reflected at each will be 
completely polarized. Such a pile of plates is highly useful 
as a polarizfr ; for the reflected beam is necessarily far more 
intense than that produced by a single surface. 

(146) It has been shown, that when a beam of light 
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polarized by reflexion, is suffered to fall upoD a second reflect- 
ing sur&ce at the polarizing angle, the intensity of the twice- 
reflected beam will vary with the inclination of the planes of 
reflexion, being greatest when these planes are coincident, and 
vanishing when they are perpendicular. In all cases, the in- 
tensity varies as the square of the cosine of the angle formed 
by the two planes of reflexion. This law was at first conjec- 
turally assumed by Malus; its truth has since been verified by 
Ae experiments of Arago. 

It follows, as a consequence of this law, that a ray of com- 
mon light may be conceived to be composed of two polarized 
rays of equal intensity, whose planes of polarization are per- 
pendicular.* For if light, thus composed, is incident on a 
reflecting surface, and if a, and 90^ - a, denote the angles 
which the plane of reflexion makes with the planes of polari- 
zation of the two pencils, the intensity of the reflected light in 
one of these rays will be I cos' a, and in the other I sin^ a, I 
denoting the intensity of each of the incident pencils ; and the 
snm of these, or the total intensity of the reflected light, is 

I (cos' a + sin' a) = I. 

The intensity is therefore constant, and independent of the 
position of the plane of reflexion with respect to the ray ; and 
tUs, we have seen, is the distinctive character of common, or 
nnpolarized light. 



* This is not to be understood as describing the actual physical cha- 
racter of ordinary, or unpolarized light. This may be more correctly re- 
presented as polarized light, whose plane of polarization is incessantly 
diang^g ; so that, in a given time, there are as many polarized rays in any 
one plane as in any other at right angles to it. This agreement has been 
▼erified experimentally by Professor Dove, by impressing mechanically a 
rapid motion of rotation upon the plane of polarization of the light ; the phe- 
nomena presented by the resulting light agreeing in all respects with ordi- 
nary or nnpolarized light. When analyzed by a double refracting prism, 
tlie two images were of equal intensities in all azimuths, so as to have 
-fimllar properties in all planes passing through the ray. 

K 
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(H") We na*r proceol to consider the eflfects which take 
ptoor, when the light is inciilent ujMn the reflecting snrTace 
«t on angle difiVrent from the |»olaTinng angle. 

Alnlus observed, that when the angle of incHd^ice was 
either greater or less than the polarizing angle, the proper* 
lies already deecribed were only in pari developed in the re- 
fleeted light ; that neither of the two pencils into which it 
was ^vided by a rhomb of Iceland spar ever wholly vanished; 
but that they varied in intensity between certain limits, these 
limits being closer the more remote the incidence tirom the 
polariung angle. From this he naturally concluded that, 
these circumstances, a portion only of the reflected light had 
received the modification to which he had given the name 
polarixation, that portion increasing as the incidence ap- 
proached the polarizing angle ; and that the remuniag portiwi 
was unmodified, or in the state of common light. PartiaUg 
jH'larizfil light, then, according to ]^lalus, is composed of two 
portions, one of which is wholly polarized, while the other is 
in the state of ordinary orunpolarized light. In this suppou- 
tion JIaliLs lias been followed by most subsequent philosophers. 

If this partially [xilarized light be reflected at a second 
surface in the same plane, and at the same angle, the reflected 
]icncil is found to contain a greater portion of polarized lightj 
and by increasing the numlier of successive reflexions, the light 
may become, as to sense at least, wholly polarized. This faci 
was first observed by Sir David Brewster j and it was found 
that light may be polarized at any incidence, by a suflfidenl 
number of reflexions, the number of reflexions necessary trt 
produce this result increasing as the incidence is more 
moved from the polarizing angle. 

(148) It remains to describe the modification which light 
undergoes in refraction. 

When common light is suifci-eLl to fikll upon a plate of 
glass, a portion of it in all cases enters the plate, and Is re- 
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Bteil ; and this refracted porlion Is found to be partially 
rized. The quantity of polarized light in the refracted 
^tit increasea with the incidence, being nothing at a perpcn- , 
dicular incidence, and greatest when the incidence is most 1 
oblique. The plane of polarization ia not (as in the case of 1 
reflected light) coincident with the plane of incidence, but I 
perpendicular to it. I 

The connexion between the light thus polarized, and that 1 
polarized by reflexion, is very iniimate, the two portions being ' 
always of equal intensity. This remarkable law waa dis- 
covered by Arago, and may be thus enunciated — " When 
an unpolarized ray i» partly reflected at, and partly trans- 1 
milted through, a transparent tterfitce, the reflated and trann- 
mitled portions contain equal quantities of polarized light ; and . 
their planes tif polarization are at right ajy les to each other." 

(149) If the transmitted light be received upon a second ! 
plate parallel to the first, the porlion of common light which 
it contains undergoes a new subdivision ; and so continually, 
whatever be the number of plates. Hence, when that num- 1 
ber 13 sufticiently great, the transmitted light will be, as to I 
eense, completely polarized, the plane of polarization being per- 
pendicular to the plane of incidence. These facts were dis- 
covered by Malus. The laws of the phenomena have been 
since investigated, in much detail, by Sir David Brewster ; 
and he has drawn the conclusion, that when a ray of light ia 
transmitted through any number of plates, in the same plane 
of incidence, the polarization will be complete, when the sum 
of the tangents of the angles of incidence is equal to a certain 
constant. Hence, when the plates are parallel, and the inci- 
dence therefore the same on all, the tangent of the angle of i 
complete polarization is inversely as their number. I 

It is a remarkable consequence of these principles, that 
when a ray ia incident upon a pile of parallel plates at the 
|K>larizing angle, after passing a certain number the intensity 



132 POLARtZATION OF LIGHT. 

of the tranainitwd liglit will undergo no further dmiinuim. ' 
For, when the tranemittetl light becomes wholly polarki, 
no i>ortion of it whatever will be reflected by any of the sue- ' 
CPcding plntes, its plane of polarization being perpendicular 
to the plane of incidence ; it ia therefore transmitted without 
diminutioD through them, whatever be their number. The 
case is different, however, when the light is incident on the 
pile at any other than the i>oIarizing angle ; and it follows 
therefore that the intensity of the light tranaiuitted through 
a thick pile is greatest, when it is incident at the polarizing 
angle. 

(150) There are certain crystals which, like the pile of 
transparent plates, poasees the property of polarizing the trom- 
raitted light. This property depends upon a peculiarity in the 
absorbing powers of double-refracting crystals, — namely, that 
the absorption of a polarized ray caries mth the position qfitt 
plane of polarization with respect to the crystal. Thus, tour- 
maline absorbs a polarized ray more rapidly when the plane 
of polarization ia parallel to the axis, than when it ia perpen^- 
ciilar to it. But a ray of common light falling upon this ciya- 
tal may be divided into two, one polarized in a plane passing 
through the axis, and the other in a plane perpendicular to it ; 
and as the former of these ia absorbed more rapidly than the 
latter, the transmitted light will be partially polarized in tlm 
plane perpendicular to the axis of the crystal. When the plate 
ia sufficiently thick, the latter portion alone will be sensible, 
and the ray emerges wholly polarized in the perpendicular 
plane. 

The tourmaline, accordingly, is of much use in experi- 
ments on polarized light, not only in affoi'ding a ready test of 
polarization, but also in producing a polarized beam. It has 
the disadvantages, however, that the polarization of the emer- 
gent light is never perfect, and that ita intensity is much 
weakened by absorption — both the rays being absorbed i 




absorbed u^h 
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their passage through the crystal, though with unequal ener- 
gies* 

The polarization produced by double refraction is the most 
complete of any ; while the intensity of the polarized pencils is 
greater than in any other case, being very nearly one-haJfoi 
the intensity of the original light* The intensity of the light 
leflected from a plate of glass, at the polarizing angle, is not 
more than the -j'^th part of that of the incident light. 

(151) M. Haidinger has observed a remarkable pheno- 
menon of polarized light, by which it may be recognised by 
the naked eye, and its plane of polarization ascertained. This 
phenomenon consists in the appearance of two brushesy of a 
pale orange-yellow colour, the axis of which coincides always 
with the trace of the plane of polarization ; these are accom- 
panied, on either side, by two patches of light, of a comple- 
mentary or violet tint. In order to see them, the plane of po- 
larization of the light must be turned quickly from one position 
to another, so as to shift the position of the brushes. Thus, 
they may be observed by looking for a few moments at one of 
the images of a circular aperture, formed by a rhomb of Ice- 
land spar, and then at the other, and so alternately. They 
gradually disappear when the eye continues directed to them 
in the same position ; but they may be made to reappear by 
shifting that position, or the plane of polarization on which it 
depends. . 

The most probable explanation of this phenomenon seems 
to be that given by M. Jamin, in which it is ascribed to the 
refracting coats of the eye. When polarized light falls upon 
a pile of parallel plates, the proportion of the refracted to the 
incident light varies with the plane of polarization, being a 
ininiTTinTin when that plane coincides with the plane of inci- 
dence, and a maximum when it is perpendicular to it. These 
variations are nothing at a perpendicular incidence : they are 
greatest when the angle of incidence is equal to the angle 
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of polarization. Acoordingly, when the polarized light is 
incident obliquely on the plates, the refracted light should 
exhibit two dark brushes^ enlarging from the centre to the 
circumference, in the plane of polarization; and two bright 
bruthes in the perpendicular plane. 

In the preceding explanation, the incident light is supposed 
to be homogeneous* When white light is used, the intensities 
of its several components, in the refracted pencil, will var] 
with the refractive indices, and consequently the brushes wil 
be coloured. M. Jamin has shown that the effect of a ^gL 
refracting surface will be to produce two yellow brushes, whos< 
axis is in the plane of polarization. 
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CHAPTER IX. 

TBANSYBRSAL VIBRATIONS — THEORY OF RBFLBXIOM AND RE- 
FRACTION OF POLARIZED LIGHT. 

(152) Hating in the preceding chapter stated the prin- 
cipal jGict0 of polarization, we may proceed to consider their 
conoenon with the physical theory. 

It is strange that the department of optics, in which the 
wave-theory now stands unrivalled, should be the very one 
which Newton selected as affording the most decisive evidence 
against it : — " Are not," says he, " all hypotheses erroneous, 
in which light is supposed to consist in pressure, or motion, 
propagated through a fluid medium? .... for pressures 
or motions, propagated from a shining body through an uni- 
form medium, must be on all sides alike ; whereas it appears 
that the rays of light have different properties in their diffe- 
rent sides." In this objection Newton seems to have had his 
thoughts fixed upon that species of undulatory propagation, 
whose laws he himself had so sagaciously unfolded. When 
sound is propagated through azr, the vibrations of the particles 
of the air are performed in the same direction in which the 
wave advances ; and if the vibrations of the ether which con- 
stitute light had been of the same kind, the objection would 
be insuperable. For, if the particles of the ether vibrated 
in the direction of the ray itself, the ray could not bear a 
different relation to the different parts of the surrounding 
space. 

But the case is altered, if the vibrations of the ethereal 
particles be performed in a transverse direction. Let us sup- 
pose the direction of the vibrations to be perpendicular to 
that of the ray : then it is obvious that if that direction be 
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vertical^ for example, while the ray advancee horizoniattgf 
the ray will bear a relation to the parts of space above and 
belaw^ different from that which it bears to those parts whkji 
are on the ri^ht hand and on the left. Such is, in fact, the 
mode of vibration which is now assumed to belong to the 
ether, in the wave-theory, the ethereal molecules being 
supposed to vibrate in the plane of the wave; and we shall find 
that, with the help of this assumption, all the complicated 
phenomena of polarization and double refraction are explatned 
in the fullest and most complete manner. 

The principle of transversal vibrations^ as it is called, seems 
to have first occurred to Hooke, and was announced, in 1672, 
in his Micrographia, Young and Fresnel arrived at the same 
principle independently ; and the latter has reared upon its 
basis the noblest fabric which has ever adorned the domain 
of physical science, — Newton's system of the universe alone 
excepted. 

(153) In order to conceive the manner in which an un- 
dulation may be propagated by transversal vibrations, let us 
imagine a cord stretched in a horizontal position, one end being 
attached to a fixed point, and the other held in the hand. If 
the latter extremity be made to vibrate, by moving the hand 
up and down, each particle of the cord will, in succession, be 
thrown into a similar state of vibration; and a series of waves 
will be propagated along it with a uniform velocity. The vi- 
brations of each succeeding particle of the cord, being similar 
to that of the first, will all be performed in the same plane, 
and the whole will represent the state of the ethereal particles 
in a polarized ray. 

Now if, after a certain number of vibrations in the verti- 
cal plane, the extremity of the cord be made to vibrate in 
another plane, and then in another, — and so on, in rapid 
succession, — each particle of the cord will, after a time pro- 
portional to its distance from the extremity, assume in sue- 
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cession all these varied vibrations ; and the whole cord, in- 
stead of taking the form of a curve lying all in one plane (as 
in the last case), will be thrown into a species of helical curve, 
depending on the nature of the original disturbance. Such 
is the condition of the ethereal particles in a ray of common, 
or unpolarized light. 

YHien, therefore, we admit a connexion to subsist among 
the particles of the ether, such as that which holds among 
dte particles of the cord, there is no di£Sculty in conceiving 
how a vibration may be propagated in a direction perpendi- 
cular to that in which it is executed. It is true, the particles 
dS the ether are not chained together by cohesive forces, like 
those of the cord; but the attractive forces which subsist 
among them are of the same kind, and may be shown to pro- 
dace a simihur effect. In fact, let us conceive the ether to 
be composed of separate molecules, which act on one another 
according to some law varying with the distance. When any 
row or line of such molecules is similarly displaced, through a 
apace which is small compared with the separating intervals, 
the molecules of the succeeding row will be moved in the 
same direction by the forces developed with the change of 
distance ; so that the vibrations of the particles composing 
the first row will be communicated to those of the second, and 
thus the vibratory motion will be propagated in a direction 
perpendicular to that in which it takes place. The rapidity 
of the propagation will depend on the magnitude of the force 
developed by the displacement. 

To account for the fact, that there are no sensible vibra- 
tions in a direction normal to the wave, we have only to sup- 
pose the repulsive force between the molecules to be very 
great, or the resistance to compression very considerable. 
For, in this case, the force which resists the approach of two 
strata of the fluid is much greater than that which opposes 
their sliding on one another. 
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(154) But the caatence of tiMsveraal ribrations— and «( 
tnnsTcnal vibrattians only — U a necessary consequence of the 
Uws of interference of polariied light, if the theory of waves 
be Bidiniltcxl at all. It hi^ been txperimentally proved) Ly 
FresDel aixl Atago. that two rays oppositely polarized oom- 
poimd a single ray who#e iotonsity is constant, whatever be 
the phaeee of vibration in which they meet. But theory showa, 
that the intensity of the light resulting from the imion of two 
rays oppositely polarized will be constant, and independent 
of the phase, oniff when the vtbraliotu normal to the tvave are 
evane*cent. 

This conclusion is easily extended to the caae of common, 
or unpolarized light. In impolarized light, therefore, as in 
polarized, the vibrations are only in the plane of the ware: 
but in the latter, these vibrations are ail parallel to a Jiaed 
line ; while in the former they take place in every possible 
direction in the plane of the wave. The phenomenon of po- 
larizatioD consists simply in the resolution of these vibratlooa 
into two sets, in two rectangular directions, and the Bubse- 
qucnt separation of the two systems of waves thus produced. 
When the resolved vibrations are not separated, but one of 
them is diminished in any ratio, the light is said to be partially 
polarized. 

(155) We have stated that the vibrations of the molecules 
of the ether, in a polarized ray, are all parallel to a fixed di- 
rection in the plane of the wave : this fixed direction may 
be either parallel or perpendicular to the plane of polariza- 
tion ; and there was nothing in the phenomena, hitherto dis- 
covered, to determine the choice between these two positions. 
Hcnco, contiury suppositions have been made respecting it. 
In the theories of Fivsnel and of Cauchy, the vibrations are 
AMumed to bo perftrHdintlar to the plane of polarization, — in 
thoee of Mac Cullinili nnd Neumunn, to heparaltel to it ; and 
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this diflforenoe in one of the postulates of the different theories 
has neoessarily led to others, especially as respects the relative 
dennties of the ether in different media. 

Professor Stokes has recently arrived at a result, in the 
dynamical theory of dif&action, which seems to afford the 
means of deciding between these hypotheses. When a polar- 
ised' ray is diffracted, the plane of vibration of the diffracted 
ny should differ from that of the incident, the positions of 
the two planes being connected by a very simple relation. 
This relation may be deduced in the following elementary 



manner. 



When a polarized ray is incident perpendicularly upon a 
fine grating, the direction of its vibrations is (by the principle 
of transversal vibrations) in the plane of the grating, when 
the wave reaches it. Let a denote the angle formed by that 
direction with the lines of the grating: then, if the ampli- 
tude of the incident vibration be taken equal to unity, it may 
be resolved into two, — namely, cos a, parallel to the lines of the 
gralilig, which will be unaltered by diffi*action ; and sin a, 
perpendicular to them. The second component is to be re- 
solved again, in the direction of the dif&acted ray, and per- 
pendicular to it, respectively; and of these the latter portion 
alone is propagated as light. Its value is sin a cos 0, being 
the angle which the diffracted ray makes with the incident. 
Hence the two components of the diffiracted ray are 

cos a, and sin a cos ; 

and their ratio is equal to the tangent of the angle which the 

direGtio!n of the vibration in the diffracted ray makes with the 

lines of ilie grating. Denoting this angle by a , we have 

therefore, 

tan a <= tan a cos 0. 

Accordingly, the angle which the direction of the vibration 
makes with the lines of the grating is less in the diffracted 
than in the incident ray. 
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It would appear, therefore, that we had only to measure tho 
auglcs which the planus of polarizaliim of the incident and dif- 
tracted niya make, reapectively, with the lines of the gratiog. 
If the latter is less than the former, the vibrations Ri&paroM 
to the plane of jwlarization ; if it be greater, they are per- 
pendicuiar to it. The experiment has been made by Profeasor 
Stokes himself; and be has drawn the conclusion that tbe 
latter is the fact, and, therefore, that the original hypotheaa 
of Fresoel b the true one. An opposite result has beenaince 
obtained by M. Iloltzmann, on rcpeuting the same experiment 
under somewhat different circumstancea ; and the question 
must therefore be regarded as still undetermined." 

(166) We now proceed to consider the application of the 
principle of transversal vibrationa to the problem of reflexion 
and refi'action. 

The direcliun of the light reflected and refi-acted at the 
surface of a uniform medium, is a simple consequence of the 
theory ol' waves ; and we liave already explained Huygens' 
demonstration of the laws which govern this direction — a 
demonstration which holds good, whatever be the magnitude 
and direction of the propagated vibmtiou, or, in other wt 
whatever be the intensity and plane of polarization of the 
light. The problem which we have now to consider is that 
which proposes to determine the latter quantities, or to deduce 
the intensities and planes of polarization of the reflected and 
refracted pencils, those of the incident pencil being given. 

Tliia important problem was first solved by Freanel. In 
the attempt to generalize his theory, and to apply it to reflex- 
ion and refraction at the sur&ccs of crystallized media. Pro* 
fessor MacCull^h and Mr. Neumann were led to modify the 

" Id retiuoing, thereforB, llie demonstration of the laws of reflexion titA 
refraution of polarized light, whirh was adopted iu the former edition of Ihi* 
work, the antlior does not wisb to be considered as giving a preference 1 
principles upon whii:h it depends. 
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principles of Fresnel. The principles, so modified, are the foU 
lowing : — 

I. The vibrations of polarized light are parallel to the 
plane of polarization. 

II. The density of the ether is the same in all bodies as 
in vacuo* 

III. The vut viva is preserved ; from which it follows that 
the masses of ether put in motion, multiplied by the squares 
of die amplitudes of vibration, are the same before and after 
reflexion. 

lY. The resultant of the vibrations is the same in the two 
media ; and, therefore, in singly-refracting media, the refracted 
Tibration is the resultant of the incident and reflected vibra- 
tioiis. 

When the light is polarized in the plane of incidence, the 
fourth principle, alone, is sufficient to determine the magni- 
tudes of the reflected and refracted vibrations. For, the di- 
rections of the vibrations, being in the plane of incidence and 
perpendicular to the rays, are necessarily inclined to one 
another at the same angles as the rays themselves ; these 
angles therefore are 

9 and V denoting the angles of incidence and refraction. 
Hence, if v and v denote the amplitudes of the reflected and 
iefi:acted vibrations, that of the incident vibration being taken 
as unity, we have 

sin {9-9) , sin 2fl 

V ■■ -T — TTi 7:n9 V = 



Bin(e + e'y eince + o)' 

When the light is polarized perpendicularly to the plane of 
incideneef the vibrations in the incident, reflected, and re&acted 
pencils are all parallel. The law of equivalent vibrations 
therefore gives, in this case, the following simple relation 

among them, 

1 + t{? = w?' : 



w 



TRANSVERSA 



and another rektion iu required, in order to deduce tl>e vbIm E= 
of wt and w'. This eecond relation ia furnished by theprinopli | 
of the vis viva, and is 

„,(!-„■). 

m snd m denoting the masses of the ether In motion in d 
two medio. Eliminating between these eciuations, we find 1 
m-m " 2»i 

m + m" m + m' 

expresaioos which are remarkable as being identical withtbott 
for the velocities of two elastic bolls ailer impact. 

Let BA, AC represent the ve- 
lo<uties and directions of the inci- 
dent and refracted rays; A A' the 
Beparatiug surface of the two me- 
dia ; and BB', CC, lines parallel 
to that surface. Then the masses 
of ether in motion in the two me- 
dia are to one another aa the pa- 
rallelograms A'B, A'C ; that is, 

m : m' : : AB sin A'AB : AC sin A' AC 
: : B\nB coa 9 : Bind' COB ff : : Bm2d : sin 2( 
Subtitutjng this ratio, therefcre, in the expressions for uj 8i"i 
to', given above, 

_ tan (0-6') , __ sin2fl 
"' " tan (tf + (*"/ "'"sin(9 + e)coa{e-e')" 

The intensity of the light is measured by the vU viva, ot 
by the mass of the ether put in motion, multiplied by the 
square of the amplitude of the vibration. Hence, for ligb' 
polarized in the plane of incidence, the intensities of the inci- 
dent, reflected, and refracted rays will be m, mi?', and m'v'', 
respecti\'ely ; — or, if we take the intensity of the incident light 
as unity, 1 , »', and 1 - r= ; since, by the law of the vis viva. 
Similarly, for light polarized in the per] 




4 




the perpendib 
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cular plane, the intensities in the three pencils are 1, to^j and 

(157) Confining our attention for the present to the re- 
flected vibration, it will be seen that its amplitude, and con- 
Bequentlj the intensity of the light, increases with the inci- 
dence, whether the light be polarized in the plane of incidence, 
or in the perpendicular plane, — being least when the light is 
inddent perpendicularly, and greatest when it is most oblique. 

In the former case, i. e. when 0=0, the values of v and w 

are each equal to - — - , /i being the refractive index ; and the 
intensity of the light reflected perpendicularly is 



Vax+1 



This remarkable expression was first given by Young. 

On the other hand, when = 90°, or when the ray grazes 
the surface, the intensity of the reflected light is equal to that 
of the incident; or the whole of the light is reflected, what- 
ever be the reflecting substance. 

(158) We have seen that a ray of common light is equiva- 
lent to two polarized rays of equal intensity, whose planes of 
polarization are at right angles. Now, let such a ray, whose 
intensity <= 1, be incident upon the surface of a transparent 
medium ; and let it be resolved into two, each equal to J, po- 
larized respectively in the plane of incidence, and in the per- 
pendicular plane. Each of these polarized rays will give rise 
to a reflected and refracted ray ; so that the actual reflected 
and refracted rays will consist of two portions, one polarized 
4n the plane of incidence, and the other in the perpendicular 
plane. If these portions were of equal intensity, as they are in 
the incident light, the reflected and refracted rays would be tm- 
polarized: but this, in general, is not the case. 




In the cam 
two portions a 



of the reflected beam, — the intenbitiea of lie 



and the whole intensity of the reflected light is their aum. 
Now the first thing to be observed is, that these two quan- 
tities are unequal; or, that the two portions of which the re- 
flected light consists, and which are polarized in opposite 
planes, are different in intensity. Hence the reflected light 
will not be of the nature of conamon, or unpolarized light; 
but will have an excess of light polarised in the plane of inci- 
dence, the former expression being always greater than the 
latter. This ia otherwise expressed by saying, that the light 
is partially polarized in tJie plane of incidence. The quantity of 
polarized light is measured by the diiference of the two ptff- 
tions, or by 

J (.'-»■). 

Again, the intensities of the two refracted portions are 
i(l-»'), i (!-»■). 
As the latter of thcBe quantities is greater than the former, 
the refracted beam always contains an excess of light polarized 
perpendicularly to the plane of incidence. Their difierenee, 
i (v' - w') is the same as in the former case ; and accordingly, 
the reflected and refracted pencils contain equal quantities qf 
oppositely polarized light. Thus, the experimental law of 
Arago is a necessary consequence ol' theory. 

(159) The reflected light will be completely polarized, 
when one of the portions of which it consists vanishes ; for, 
in this case, the whole of the reflected light will be polarized 
in a single plane. It is easy to see that the first portion, which 
is polarized in the plane of incidence, can never vanish. The 
second part vanishes, when fl + 0' = 90°, the denominator of the 
fraction becoming infinite ; the reflected light then contains 
only the other portion, and is therefore completely polarized m 
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tkeplane of incidence. Since, in this case, fl + (^ = 90°, we 
hiye 

cos = sin 0' = , and tan = |i ; 

i, e. the tangent of the angle of 'polarization is equal to the re- 
fractive index. Thus the beautiful law, which Brewster had 
inferred from observation, is deduced as an easy consequence 
of Fresners theory. 

When fl + C is greater than 90°, — i. e. when the angle 
ofmcidence exceeds the polarizing angle,— the expression for 
the amplitude of the reflected, tr, vibration changes sign^ the 
Hght being polarized perpendicularly to the plane of incidence. 
This change of sign is equivalent to an alteration of the phase 
of the reflected vibration by 180°, as the incidence passes 
the polarizing angle ; and the circumstince explains the re- 
markable fact noticed by Arago, — namely, that when New- 
ton's rings are formed between a lens of glass and a metallic 
reflector (the incident light being polarized perpendicularly to 
the plane of reflexion), the rings change their character as the 
incidence passes the polarizing angle of the glass, the black 
centre being transformed into a xchite one, and the whole sys- 
tem of colours becoming cofnplementarg to what it was before. 
Mr. Airy was led to anticipate this result, from a con:?ider- 
ation of the formula; and to show that a similar change must 
take place in the rings formed between two transparent sub- 
stances of difierent refractive powers, as the incidence passes 
the polarizing angle of either substance. 

(160) When a polarized ray undergoes reflexion, the re- 
flected light is still polarized, but iU plane of polarization is 
diangedj the amount of the change depending on the inci- 
dence. When the angle of incidence is nothing, or the ray 
perpendicular to the reflecting surface, the new plane of 
polarization is inclined to the plane of incidence by the same 
angle as the old, but on the oppoinle side. As the angle of in- 

i. 



U(( thansveiisai. vibrations : 

cidcnce increaaes, the plaiie of jxilftrization of the refiectedraj I 
npprojiches the plane of incidence, and finally coincides with it, | 
when the incidence reaches the ;)o/anj»wj anp'/if. Asthemigfe I 
of incidence still further increases, the plane of polariiatlonof I 
the reflected ray crossea the plane of incidence, and therefore 
lies on the mme side of it with the original plane ; and die i 
two planes of polarization finally coincide, when the angle rf 
Incidence is 90°, 

The azimuth of the plane of polarization of the reflecteil 
ray naay be deduced from the theory we have been conader- 
ing. For, let the vibration of the incident ray, a, be resolved 
into two, one in the plane of incidence, and the other in the 
perpen^cular plane. Ifa denote the angle which it makes with 
the plane of incidence, these resolved portions are n cos or, 
and a sin a. After reflexion they become,* respectively, 
6). 



"-"•". in (» + »■)' " — "tan(6+eV 
and they compound a single vibration, inclined to the plane 
of incidence at an angle whose tangent is the ratio of the com— 
ponent vibi-ations. If, then, this angle be denoted by u, w® 
have ^^^1 

cos (B + 6") ^H 

tan o= -tan a ra~o^- ^^H 

cos (9- 9) ^^B 

TJie truth of this formula has been verified by the obse'" 
vations of Fresnel himself, and more fully since by those " 
Arago and Brewster. 

■ In order to explain the facts above mentioned, llie values oF w aniJ 
(156) mnet be aJtected with opposite signs, at all incidences below the p' 
larizing angle; and there are other phenomena which indicate that the t(f 
mec qnautity is negative, and the \atter positire (see Professor Powell's p* 
per " Ob the Demonstration of Fresnel's Formulaa," Pliil Mag., Aog. I85ff. 
This is equivalent to saying, that one of the waves gaini, or loses, kalfa 
undulation in the act of reflexion. We shall ei's hereafter that the compleE 
theory ot reflexion includes a. progreseii-e change of phase ; and that Che cot) 
IS of Art. (I5fi) are only appro ximnte. 




J 
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When a » 0, a » ; and when a = 90°, a = 90°. Accord- 
ingly, when the plane of polarization of the incident ray coin- 
cides with, or is perpendicular to, the plane of incidence, it is 
imchanged by reflexion. When 0-\^ff = 90°, a = 0, and the 
plane of polarization of the reflected ray coincides with the 
plane of incidence, whatever be the azimuth of the incident 
wy- 

(161) The plane of polarization of a polarized ray is 
changed by refraction^ as well as reflexion, but in an opposite 
direction, the plane being removed farther from the plane of 
inddence, instead of approaching it. This movement of the 
plane of polarization increases with the incidence ; being no- 
thing when the ray falls perpendicularly upon the refracting 
surface, and greatest when the incidence is most oblique. 
The law of the change is expressed by the simple formula, 

cotan a e cotan a cos (fi-ff); 

in which a and a denote (as before) the angles which the 
planes of polarization form with the plane of incidence, before 
and after refiuction. This law was discovered experimentally 
by Sir David Brewster : it is a necessary consequence of the 
theory already given, and is deduced by a process exactly 
similar to that of the preceding article. 



L 2 



C 148 ) 



CHAPTER X. 



CXXimC FOLJLSIZATIOK. 



il€l| Wkkx aa ctkevol ■nlecuk is displaced from its 
of cifdBhnHB, the fivoes of llie nagfabouring m 
cdbi are ■» h a ig er h a liTf dj aad tlieir lesoltant tends to drive 
the pavtkfe hfedk to its posbkm of rest.* The displacement 
s«ff«Ked to be Tcnr ^MiH, in oompaiison with the in- : 



tcTfak betaiten the »o b qil e .s » the force thus exdted will be 
prop«tk»al to the dfaplanement; and from this it follows, 
aecoKifiBg to known nMchamcal prin^Jes, that the trajectory 
described br the molecule will be an ellipse, whose centre 
coincidjK with tibe poatioii of eqniHbriam. Hence the vibra- 
tion of tibe etli»eal molecoles is, in general, eUiptic, and the 
nature of the li^t depends en the dirt^on and relative mag- 
uUmde of the axes, Bj the principle of tiansTersal vibrationSy 
these dliptic ribiations are all m the plame of the wave ; their 
axes, howeTer, may either preserve constantly the same direc- 
tion in that plane, or they may be continually shifting. In the 
former case, the light is said to be polarized ; in the latter, it 
is unpolarized, or conmion light. 

The relative magnitude of the axes of the ellipse deter- 
mines the nature of the polarization. When the axes are 
equal, the ellipse becomes a circley and the light is said to be 
circularly polarized. On the other hand, when the lesser axis 
vanishes, the ellipse becomes a right line^ and the light is 
plane^olarized — ^the vibrations being in this case confined 
to a single plane passing through the direction of the ray, 



• ThU \n not strictly true, except in homogeneous or uncrystallixe^ 
media. 
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In intermediate cases, the polarization is called elliptical ; and 
i itB character may vary indefinitely between the two extremes 
cf plane polarization and drcular polarization. 

I. 

I (163) An dliptie vibration may be regarded as the re- 

nitant of two rectilinear vibrations, at right angles to one 

another, which differ in phase. 

For, let X and y denote the distances of the molecule of 

the ether from ita position of rest, in the two rectangular di* 

lections; a and b the amplitudes of the component vibra- 

tioDB ; and t the time. Then 

jr « a sin (v^ - a ), y^bAa{vt-(ii)\ 
whence 

a-/3«arcfBin-^j-arc(sin=-j. 

Taking the cosines of both sides, and clearing the result of 
radicals, we obtain 

g+|-2co8(«-/3)^^ = 8m'(«-/3). 

This is the equation of an elliqse referred to its centre. 

When the component vibrations are equal in amplitude, 
and differ 90^ in phase^ 

a^b, and a-/3 = 90°; 
and the preceding equation becomes 

y' + a;* = a'. 
The path described by the molecule is then a circle. 

(164) The nature of the elliptic polarization is completely 
defined, when we know the direction of the axes of the ellipse, 
and the ratio of their lengths. 

These may be determined experimentally. In fact, when 
the elliptically-polarized ray is transmitted through a double- 
refracting pnsm, whose principal section is parallel to one 
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ur Uie Rxe9 of the ellipse, it ie resolved into two pJaQe-jio- 
larized ravs, one of which had the ffreatest posdble intensity, 
uul the other the least. Accordingly, the direction of the 
principal section, for which the two iiencila are most unequal, 
is the lUrection ofone of the axes ; and the square roots of the 
iatensilies are in the ratio of their lengths. 

The direction of the axes of the ellipse may be more con- 
veniently determined by turning the prism until the tvfo 
|ienciU are of e^tial itiUnsily : the principal section ia then 
inclined at an angle of 45" to each of the axes. 

(165) When a plane-polarized ray undergoes reflexion, 
the reflected light is, generally, dliptically-polarized. For a 
plane-polarized ray may be resolved into two, polarized re- 
s()ectively in the plane of incidence, and in the perpondicnlai 
plane ; and we shall presently sec that the effect of reflexion la, 
in general, to alter the phases of these two portions, and by 
a different amount. Hence the reflected light is compounded 
of two plane-polarized rays, whose vibrations are at right 
angles, and whose phases are no longer coincident; it is there- 
fore cUiptically polarized (163). 

The first case in which this effect was observed was that of 
tolal reflexion. 

When the angle of incidence exceeds the angle of total re- 
flexion (the light passing from the denser into the rarer me- 
dium), the expresaioua for the intensity of the reflected light, 
given in (156), become imaginary. But it is obvious that, in 
this case, the intensity of the reflected light is simply eijualto 
that of the incident, there being no refracted pencil. How, 
then, are the imaginary expreasiona to be interpreted? They 
signily, according to Fresnel, that the periods of vibration of 
the incident and reflected waves, which bad been assumed to 
coincide at the reflecting surface, no lutufer coincide there 
when the reflexion is total ; or, in other words, that the ray 
undergoes a change of phase at (he moment of reflexioi 
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amount of this change has been deduced by Fresnel, by a 
most ingenious tndn of reasoning, based upon the interpreta- 
tion of imaginary formulae. It varies with the incidence ; and 
is diflferent for light polarized in the plane of incidence, and 
in the perpendicular plane. 

In the case of light polarized in any azimuth, we have only 
to conceive the incident vibration resolved into two, one in the 
plane of incidence, and the other in the perpendicular plane. 
The phases of these vibrations being differently altered by 
reflexion, the reflected vibration will be the resultant of two 
vibrations at right angles to one another, and differing in 
phase, — ^the amount of the difference depending upon the 
angle of incidence: this vibration, consequently, will be ellip^ 
He, and the reflected light eUiptically polarized. When the 
azimuth of the plane of polarization of the incident ray is 45°, 
the amplitudes of the resolved vibrations will be equal ; and 
if, moreover, their difference of phase is a quarter of an undu- 
lation^ the ellipse will become a circle, and the light will be 
circularly polarized, 

(166) Reducing his formulae to numbers, in the case of St. 
Gobain*s glass, Fresnel found that the difference of phase of 
the two portions of the reflected light amounted to one-eighth* 
of an undulation, when the angle of incidence was 54^ 37'. 
Polishing, therefore, a parallelopiped of this glass, whose faces 
of incidence and emergence were inclined to the other faces 
at these angles, it followed 

that a ray RR'K'R^ inci- X v ^ 

dent perpendicularly on 

one of these sides, and 

once reflected at each of 

the others, at R and R", would emerge perpendicularly at the 

remaining side, the difference of phase in the two portions of 




♦ In order to produce a difference of phase of a quarter of an undulation 
by a single reflexion, the refractive index should be = 4- 142. 



Id'2 ELLIPTIC POLAIUZATIOtt. 

the twice-reflected ray ainouuting lu a quaiter uf on uuiluld- 
tion. If, then, the iiiddent ray be pulat'ized ia il plane incliaed 
at an angle of 45° totheplnne of reflexion, the emergen tUglit 
will be circularly polarized. Tliis was found to be the caee 
on trial, and the theory thereby veiified. The parallelopiped 
described is well known under the name of FresneVs rAomfi ; 
and is of eEBentiat service in ull experiments relating to circu- 
lar and elliptic polarization. 

If the circularly polurized ray be made to undergo two 
iiioie total reflexions, in the same plane and at the same 
angle, by transmitting it through a second rhomb placed 
parallel to the first, it will emerge plane-polarized i and its 
plane of polarization will be inclined 45° on the other aide of 
the plane of reflexion. In fact, the two additional reflexions 
increase the difference of phase of tlie two portions, into which 
the light was originally resolved, from 90° to 180"; and we 
know that two equal vibrations, whose phases differ by 180", 
compound a single right-lined vibration, whodc direction 
bisects the supplement of the angle formed by their diiec- 

Tliia property enables us to distinguish a circularly polar^ 
ized ray from a ray of common light. On the other hand, it is 
at once distinguished from jilane-polarized light, by the cir^ 
cunistarice that it is divided into two rays of equal intensity 
by a double-refi-acting crystal, whatever be the ijosition of ihe 
plane of the principal section. 

(167) The effects produced upon light by reflexion at the 
surfaces of metals were first observed by Malus. 

Malus ibund that metals differed from transparent bodies, 
in their action upon light, in this, that common light was 
never completely jiolarized by reflexion at their surfaces. The 
phenomenon of polarization was, however, partial It/ produixd ', 
and the efl^cct increased to a maximum at a certain angle of 
incidence. 
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Whesk the incident light was polarized in a plane inclined 
at an angle of 45^ to the plane of incidence, Malus observed 
tint the reflected light was completely depolarized^ the pencil 
being divided into two by a double-reiracting prism in every 
position of its principal section. 

(168) The subject of metallic reflexion was next studied 
by Sir David Brewster, and the laws of the phenomena inves- 
tigated in much detail. These laws may be reduced to the fol- 
lowing : — 

I. When a ray of common light is incident upon a me- 
tallic reflector, the reflected light is partially polarized^ tlie 
amount of polarized light in the reflected pencil increasing up 
to a certain incidence, which is thence called the angle ofmaxi- 
mum polarization, 

II. When the light is reflected several times in succes- 
sion, in the same plane and at the same angle, the proportion 
of polarized light in the reflected pencil is increi^ot^d ; and 
by a sufficient number of reflexions the light becomes, as to 
sense, wholly polarized in the plane of incidence. 

III. When a ray polarized in the plane of incidence, or 
in the perpendicular plane, falls upon a metallic reflector, it is 
polarized in the same plane after reflexion. 

IV. A ray polarized in any other plane is, in general, 
partly depolarized by reflexion, the effect produced being 
greatest at the angle of maximum polaiization. 

V. When light, so depolarized, undergoes a second reflex- 
ion in the same plane, and at the same angle, its polarization 
is restored. The new plane of polarization lies on the oppo- 
site side of the plane of incidence from the original plane, and 
its azimuth is changed. 

(169) From the last of the foregoing laws it is eviilent, 
that the light produced by the reflexion of a polarized ray is 
not common light. Neither is it plane-polarized light, since 
it does not vanish in any position of the analyzing rhomb. 
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It is elliptically polarized ; and all the phenomena are enjilj- 
cable on the hypotliesis, that the two oppositely polarized rajs, 
into which the incident ray is resolved, differ in phase after re- 
flexion, the difference amounting to 90° at the angle of nuui- 
uium polarization. For it id plain that the effect of a second 
reflexion, in the same plane and under the same angle, will be 
to double the difference of phase, which thus becomes 180°; 
and the resulting light will be plane-polarized, the plane of 
polarization lying at the opposite side of tlie plane ofind- 
dence. 

It is easy to see, from the foregoing, that the problem of 
metallic reflexion is reduced to the determination of the in&fl- 
sity, and tha phase, of the reflected vibrations, in the case of 
Ught polarized in the two principal planes, For any pokrizeJ 
ray may be resolved into two, polarized respectively in the 
plane of incidence and in the perpendicular plane ; and these 
planes, by the third of the preceding laws, are unaltered bj 
reflexion. The two components, however, undergo changes 
both of intensity and phase ; and when these are known, the 
character of the reflected pencil is completely determined. 

This problem has been solved experimentally, by M, J** 
min, in the most complete manner. 

(170) The intensity of the light reflected by a metal *' 
different incidences is determined by M. Jamin by comparis*"' 
with the intensity of light reflected from glass under the saii^^ 
angle, which latter is known by Fresnel's formula; (156). ^ 
plate of metal, and one of glass, are placed in the same pla»^' 
and in contact, and the light is allowed to fall partly up(7* 
each. When the incident light is polorized in the plane w 
incidence, the light reflected from the metal, as well as iron' 
the glass, continues polarized in that plane. li\ therefore* 
the two reflected pencils he received on a double-refracting 
prism, whose principal section coincides with the plane of 
incidence, each of them will i'urnish a single refracted pencil. 
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It if the pciucipiil soctioD of tbo priam be inclined to tlia 
me of incidence at any nngle, a, each of the reflected pencils I 
11 fumiah two rciracted pencils, whose intcnsitiea will vary 
Lth the azimuth of the principal section according to the 
lown law of Slalue. 

Let I be the intensity of the light reflected from the metal, 
kA I' that of the light reflected iirom the glass. The inten- 
Btiea of the ordinary and extraordinary pencils, into which the 
former is subdivided by the prism, are respectively 

I cos' a, I sin* a \ 

and those of the corresponding pencils, derived ii-om the latter, 

I'cos' a, r sin* a. 

Hence, if the prism be turned, until the ordinary image of 

Jhe light reflected from the metal is equal, in intensity, to the 

itraurdinary image of the light reflected from the glass, 

coa' a = r sin' a, and 

I = r tan' a. 

I'he azimuth of the principal section, a, ia measured by means 
i£ a graduated circle attached to the prism ; and the value 
*f I' for each incidence is given by Fresnel's formulse, 

A second measure is obtained, by turning the prism until 
&e extraordinary image of the light reflected from the metal 
is equal to the ordinary image of the hght reflected from 
(he glass I and similar processes are followed in the case of tight 
polarized in the perpendicular plane. 

The results of these observations prove, that when hght 
polarized in the plant oj' incidence is reflected by a metal, the 
intensity of the reflected light increases continually, as the 
bcidence increaaea from 0° to 90°) — the total vai-iation, how- 
iver, being very small. In the case of light polarized per- 
icularly to the plane of incidence, on the other hand, the 
intensity of the reflected light diminishes from a perpendicular 
tncidencCi up to the angle of maximum polarization, and after- 
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wmnk increuM. Tbe v&luee found liy expounicnt accuril 
OKtisJactorii; with the reeulta of M. Catichy'a dynamic^ 
tbeory. The intensities of the rcHected light, in the tno 
cases, lire equal at the vxlrcme incidences : at all other io* 
cideoces the iDlen^ty uf the reflected light is less in tlie one 
of U^bt polarized perjiendiculai-ly to the plane of incidence; 
and the toequalily is greatest at the angle of maximum polari- 



(171) It remained to determine the difference of phase 
the two oompouent pencib corresponding to any incidence. 

For this purpose two mirrors of the same metal were placed 
inrallel to one another, n-ith thcirreflccting surfaces opposed; 
and their dUtanoc was adjusted by means of a screw. A tkj 
of light, inctdoit upon oneofthe mirrors, will, after refle^on, 
fidl upon the other in the some plane, and under the eame 
augle. It will then return to the first, its plane and angle of 
iucldoDcc being unaltered ; and will thus undergo a series of 
^flmUiur reflexions between the mirrors, the number of which 
dejtends on their distance, and on the angle of incidence. 

Now the incident ray, polarized in any plane, may be 
resolved Into two, polarized respectively in the plane of ind- 
dence, and in the perpendicular plane. The planes of po- 
/arizutitm of these two components ore unchanged by refiexdon: 
but their pAases are altered, and that unequally ; and the re- 
flected hght, compo3«l of tliem, is therefore elliptically polaT- 
ized. 

When there are several reflexions in the same plane, and 
under the ^onie angle, the two components undergo the same 
luodl&cation of phase at each successive reflexion, and the dif- 
ference of phase produced is equal to that produced by a sin- 
gle reflexion, multiplied by the number of reflexions. But 
tlie iiesulting light will be plane-polarized, when the differ- 
ence of phase becomes a multiple of tt : we have, therefore, 
only to increase the uuniber of reflexions at the same inci- 
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dence* until the light if pbLDC-pc^aiized. tzrl z'lmz iif ^rerr^r : 
phase produced by a angle reflex>>2 will \^ Lu.^r:.. For. 
if c denote the diflTerenoe of pha<e sougi:- n* -w-Ll i»r il*^: tt - 
duced by n reflexions. AimL wLes tire re^--I:Ii-z ::^i: > 
plane-polarized, m = ■tx. » bdcg aty ir-tr-r-iT i. unV-- : : r,-^- 
quently 

E = 



It follows fiom these researcLe?. :La: :Lt iLi*^ .: :i.^ ri-r 
polarized perpendiculariy to the plai>^ c: ii/r>i^:.''.>7 > klv^;- 
retarded^ relatirely to the oiLer. T:.^ dlftrtLiir: ■.: : -^-^ 
mcreases regularly wixh the iscid«»r- r.«e-LL:: ^\'^ : . t i* a 
perpendicular incidence, and lo Ss- &t &r: :ii:'::er.:r -.: C'O'. 
At the angle of moxnum poiarizati^/m, i=\t TLU 'jLr.::'.^ 
is, of course, different fen* differeat xi.etkl* : i: It. r.-.Tr^:-,^.-. 
not fiu* in any fircnn 75'. 

(172) It follows from the f reoc^iit::. tiit ::.':r»: tr^ r - i 
incidences between 0' and 90*. f^^r T.L;;h :Le rav i. --if /-*'/ 
to the condition of plane poiariz€iti/^H r..j •?-:-.•.•*-? -iv*: rr:!:-.-x;:r.». 
For the ray becomes plane-polarize*:. &r ift^r. a.r ::.*: Ii^-.r^rLC^ c!^ 
phase of the two components b a iluI*.ji'I*: • : t. !>-:. w::h a 
single reflexion, the diflference cf I'Ia-n^ :l -r^s.-rr-r r.-j y ':>.-: -ve^n 
0° and 90° of inddence. Coii?^|U^r.:Iv. wi:h ;< r^r.'r.r :.■:.-- tLe 
difference increases bv »x; and l-e:wfv:L :':.•: i-: 1:::.::? of iLri- 
dence there are II - I multiple* of t. ar.d:L.:r-;: :•.- /i - 1 ar.z'^r 
of iaddence at which the polariza:i'--n ir re-t'.r-r'J. 

The plane of polarization of the rer:vr»>i ray will r-e on 
the same side of the plane of incidence, a? th-. jlar.e -.f {-.liri- 
zation of the incident ray, or on the ojp-^*iu. a^r-Mrdir-gfi? The 
difference of phase is an eren or odd multii-Iv .! -. 



(173) It would appear from the f-.TC ::'.•::: j. tf.a: w 



'if.'.:.*" 



• In practice h U more co&Trr.:*rr.t lo pri-dncr t^ U -.5^:: ": .* •■ ■ ^: -* •.• ■ ' • 
ineidemce^ tbe iramber of r»tfl*:i:':-&i r*:s:i-r.:r.2 t;- hi-r-i 
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difi'cr from transparent bodies, in their action upon light, in. 
two particulars— namely, I at, that they do not polarize coranKin 
light completely at any incidence ; and 2nd, that they alter 
plane-polarized light by reflexion into light elliptically polar- 
ized. It will be Been, presently, that these differences are 
only differences in degree. 

It was long since observed by M. Biot, that diamond and 
jui^jAur did not polarize the light completely at any angle; 
and the pi-operty was extended, by Sir John Herschel, to all 
transparent bodies possessing an adamantine lustre. Mr. Aiiy 
has proved, that plane -polarized light becomes elliptically 
polarized, by reflexion from diamond. And, finally, Mr. 
Dale and Professor Powell have sho\vTi that these two pro- 
perties, supposed peculiar to metals, belonged to all transpamt, 
bodies having a hif/h rejractive power. 

In this state of the question, the problem of reflexion by 
transparent bodies was taken up by M. Jamin, and received, 
at bis hands, its complete experimental solution. The con- 
clusions deduced by M. Jamin from hia observations may be 
summed up as follows : — 

I. All transparent bodies jiolarize the light incompletely 
by reflexion — the polarization of the reflected light becoming 
B maximum at a certain angle of incidence. 

II. They transform plane- polarized light into light eU^ft- 
cally polarised. 

III. The difference of phase which they impress upon light, 
polarized in the two principal planes, undergoes the same va- 
riations aa in metjillic reflexion, within certain limits of inci- 
dence. 

(174) It is necessary to enter a little more minutely into 
the consideration of this third law, which (it is obvious from 
the preceding) virtually includes the two others. 

According to Freenel's theory, when a ray polarized in any 
plane falls upon a transparent body, the reflected light con- 
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iinues polarized. Bat its plane of polarization is changed ; and 
lies at the opposite ade of the plane of incidence, when the 
incidence is less than the polarizing angle, and at the same 
side when it is greater (I60). It follows from this, that the 
two components of the reflected ray, polarized respectively in 
the plane of incidence and in the perpendicular plane, agree in 
phase at all incidences above the angle of polarization, while 
they differ 180® in phase at all incidences below it. Accord- 
ing to this theory, therefore, the difference of phase changes 
abruptly i from ir to 27r, at that critical incidence. On the 
other hand, in reflexion from metals^ the difference of phase 
of the two components increases continuously froimr to 27r, as 
the incidence increases from 0° to 90®. 

Now M. Jamin has shown that the latter is generally true 
for all bodies, whether opaque or transparent ; and that the 
distinction of these bodies, as to their effects upon reflected 
light, consists only in this, that in transparent bodies the va- 
riation of phase is insensible, except in the neighbourhood of 
the angle of maximum polarization. 

In transparent substances, accordingly, the difference of 
phase is nearly constant^ at low and at high incidences ; and 
passes from ir to 27r, (not abruptly, as we are required to sup- 
pose in Fresnel's theory, but) between two incidences, one 
lower and the other higher than the angle of maximum polari- 
zation. The elliptic polarization of the reflected light will be 
sensible only within the same limits of incidence ; and beyond 
them the light is (as to sense) plane-polarized. In substances 
of low refractive power, these limiting incidences differ from 
one another, and from the angle of maximum polarization, by 
a small amount ; and for these, therefore, the change of phase 
(although not instantaneous) is very rapid, and Fresnel's laws 
are approximately true. 

3 

When the difference of phase = g t, the ellipticity of the 
reflected ray is greatest. The angle of incidence at which 
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this occurs 18 the angle oi viaximum polarization in the cnse 
ofconinaon light, and is called the principal tncideticf. It is 
theoretically tlifFercnt from the iinglc given by Brewster's lavr; 
hilt the difFcrence is in all caaes small. 

(\75) M. Jamin haa shown, further, that transparent 
bodies may be diatinguishcd into two classes, with reepeot to 
their action upon reflected light. In some of them, as in 
opal, the phase of the component in the plane of incidence is 
accelerated, relatively to the other component ; in others, as 
hi/aliie, it is retarded. The bodies of these classes are deno- 
minated, by M. Jamin, substanccB of positive and ofneffiUivi 
reflexion, respectively. Intermediate to these two classes we 
should expect to find a third, characterized by the property 
that the phas^e is unaltered by rpjiexion, and for which, thene- 
fore, Fresnel'a laws are accurately true. This class is very 
small ; the only bodies observed to belong to it being meniliU 
and alum. 

These distinctions appear to be connected vnth the refrac- 
tive power. Thus all bodies, whose refractive index is greater 
than 1'46, accelerate the phase of vibration in the plane of in- 
cidence ; those whose refractive index is less than 1-46, retard 
it J while those bodies, for which ;* = 1'46, reflect according to 
Fresnel's laws. 

(17fi) The elliptical vibration of tlie reflected light will 
be completely known, when we know the difference of phase 
of the two principal components, and the ratio of their inten- 
sities. The difference of phase is determined experimentally 
by M. Jamin, by the process which restores the light to the 
condition of plane polarization ; while the azimuth of the plane 
of polarization of the restored rav gives the ratio of the inten- 
sities of the two components. The results obt.iined have been 
compared with the formulre given by M. Cauchy for the case 
of diamond ; and the agreement has been found to be si 
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&ctory. These formulae involve two constants, — the refrac- 
tive index f and the coefficient ofelliptidty ; and these are de- 
termined, when we know the principal incidence, and the ratio 
of the amplitudes of the two vibrations at that incidence. 

The fundamental difference between this theory, and that 
of Fresnel, consists (we have seen) in including a change of 
phase of the reflected vibration, varying with the incidence. 
This change of phase is due, according to M. Cauchy and 
Mr. Green, to the normal vibration, which — though evanes- 
cent at a short distance from the surface — modifies the phase. 

(177) Professor Haughton has followed up the researches 
60 ably commenced by M. Jamin, and has obtained some new 
and interesting results. The more important of these are com- 
prised in the following laws : — 

I. If plane-polarized light be incident on a transparent 
reflecting body, and the incidence be gradually increased from 
0° to 90°, the ratio of the axes of the reflected elHptically 
polarized light diminishes firom infinity, at 0°, to a minimum^ 
at the principal inddetice ; and increases again to infinity, 

at 90**. 

II. The minimum ratio of the axes varies with the plane 

of polarization of the incident light, and diminishes as the 
azimuth of that plane increases, until the latter reaches a cer- 
tain value ; afler which the ratio again increases. 

III. When the azimuth of the plane of polarization of the 
incident light reaches this value, the ratio of the axes becomes 
equal to tmtYy, and the reflected light is circularly polarized. 

This last conclusion is one which might have been antici- 
pated. M. Jamin had shown, that the difference of phase of 
the two principal components of the reflected light was equal 
to 270°, at the principal incidence; so that the light reflected 
at this incidence must be circularly polarized^ when the am- 
plitudes of the two components are equal. This equalization 

of the reflected components can always be effected by varying 

Ai 
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the azimuth of the plane of polarization of the incident ra 
a denoting this aamuth, the amplitudes of the two comp 
nents are cos a and sin a, that of the original vibration beii 
unity; so that if v and w denote (as before) the ratios of tl 
amplitudes of the reflected and incident vibrations in the tuf 
principal planes, the amplitudes of the two components in tli 
reflected ray will be v cos a, and w sin a* These will be equa 
and therefore the reflected light circularly polarized, when 

V C03(9~y) 
tan a = — = 7^ — ^rr- 

If the princtpcU incidence were the same as the angle give: 
by Brewster's law, cos (0-\- ff)- 0, and a = 90°. But this no 
being the case, cos (O-^ff)ia not actually evanescent ; and th 
azimuth, a, at which the light is circularly polarized, is a fe^ 
degrees less than 90°. 



( 163 ) 



CHAPTER XI. 
frbsmbl's theory of double refraction. 

( 178) It has been stated (60, 66), that soon ailer the dis- 
covery of double refraction in Iceland crystal, Huygens suc- 
ceeded m embracing its laws in the- theory of waves, by a 
bold and happy assumption. He had already shown that 
the form of the wave which gires rise to the ordinary refracted 
njy in glass and other uncrystallized substances, was the 
itpkcre ; or, in other words, that the velocity of undulatory 
propagation was the same in all directions. One of the rays in 
Iceland crystal, too, was found to obey the same law ; and, 
judging that the law which governed the other, though not so 
aftnple, was yet next in simplicity^ he assumed the form of its 
wave to be the spheroid; that is, he supposed the velocity of 
propagation to be different in different directions^ in accord- 
ance with the following ccxistruction : — ^^ Let an ellipsoid 
ef revolution be described round the optic axis, having its 
eentre at the point of incidence; and let the greater axis of 
the generating ellipse be to the less in the ratio of the greatest 
to the least index of refraction : then the velocity of any ray 
will be represented by the radius vector of the ellipsoid which 
coincides with it in direction." We have already seen that 
the construction for the direction of the rays, derived from this 
assumption, was verified by experience ; and we have here 
another instance, to which the history of science affords many 
parallels^ of the value of analogical principles in directing sci- 
entific i^search. 

(179) The law of Hoygens was found to hold in many 
eryatals besides that to which it was originally applied ; and in 

M 2 
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all of these tlicre was one optic axu, or ono line along which 
ray of light passed without division. But wUeii the real 
of Brewster made known a class of crystalline bodies, \m'n 
two optic oxen, or two lines of no separation, Huygens's 1m 
was fuund not to be general ; and it was ascertained that 
of the rays, at least, in biuxal crystals, followed some new 
unknown law. 

In this state of the question, the problem of double 
fraction was taken up by Fresnel ; and by the aid of a 
tural and simple hypothesis, combined with the principle rf 
transversal vibrations, he has been conducted to its complete^ 
solution, — a solution which not only embraces all the kaoifB 
phenomena, but lias even outstripped oliservation, and pre- 
dicted consequences which were afterwards verified by expft- 
nnient. 

(ISO) Fresuel sets out from tte supposition, that tlift 
elastic force of the vibrating medium, in every crystal, i 
different in different directions. This is, in fact, the mos 
general supposition that can be made ; and whether we sup- 
pose that the vibrating medium is the ether within the crys- 
tal, or that the molecules of the body itself partake of the 
vibratory movement, there will be obviously eueh a connexion 
and mutual dependence of the parts of the solid and those of 
the medium in question, that we cannot hesitate to admit for 
the one, what has been already established on the clearest 
evidence for the other. 

It is easy to see, generally, that the phenomenon of double 
refraction is a necessary consequence of this hypothesis, and 
of the principle of transversal vibrations. 

Let us take, for example, the simple case of a ray o( 
light proceeding from an infinitely distant point, and falling 
perpendicularly on the surface of a uuiaxal crystal, cut parallel 
to ike axis. The incident wave being plane, and parallel to 
the surface of the crystal, the vibrations are also parallel t 
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:the same sor&ce ; and we may conceiye them to be composed 
of vibrations parallel and perpendicular to the axis of the crys- 
ial. Now, the elasticity brought into play by these two sets 

il^ of vibrations bdbog different, they will be propagated with diffe- 
rent velodties ; and there will be two waves within the crystal, 
la which the vibrations are parallel to two fixed directions at 
light angles to one another, — or two rays oppositely polarized. 
If the second face of the crystal be parallel to the first, the 

I; two rays will emerge perpendicularly ; and the only effect pro- 
dnoed will be, that one will be retarded more than the other, 
in its progress through the crystal. But if the second face be 
Mique to the direction of the rays, they will be both re- 
fracted at emergence, and differently ; and they will therefore 
^verge from one another. 

(181) To return to the general theory. Let us suppose a 
disturbance to be produced in a medium such as we have been 
considering, and any particle of the medium to be displaced 
from its position of rest. The resultant of all the elastic forces 
which resist the displacement will not, in general, act in the 
direction of the displacement (as would be the case in a me- 
dium vn^fbrmly elastic), and therefore will not drive the dis- 
placed particle directly back to its position of equilibrium. 
Fresnel has shown, however, that there are three directions 
at light angles to each other, in every elastic medium, in each 
of which the elastic forces do act in the direction of the dis- 
placement^ whatever be the nature or laws of the molecular 
action. He assumes that these three directions are parallel 
throughout the crystal. In fact, the first principles of crys- 
tallization oblige us to admit, that the arrangement of the 
molecules of the crystalline body is similar in all parallel lines 
throughout the crystal ; and the same property must belong 
to the ether within it, if (as we have reason to presume) its 
elasticity be dependent on that of the crystal itself. These 
three directions Fresnel denominates axes of elasticity ; and 
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lie ooDcludcB that they are also axes of eyintnetry, with 
spect to the crystaUine form. 

If, oa each of these axes, and on every line diver^ng ti 
the Bame origin, portions be taken, which are as the sqn 
roots of the ehistic forces in thcU- directions, the locua of 
extremities of these portions will be a surface, which Fi 
denominates the surface of elunticitif. lu equation is, 

/■' = a* cos' a-i b' cos' ^ + c' cos' -y : 

a', b^, c'S being the elasticities in the directiona of the 
axes ; r the nulius vector of the surface ; and a, J3, y, tl 
gles which it makes with the axes. 

This surface determines the velocity of propagation q 
wave, when the direction of its vibratione is given. For, 
ethereal molecule vibrating in the direction of any radius 
tor, r, of this surface, the elastic force which governs ita vi 
tion will be proportional to r'; and, since the velocity of w 
propagation is oa tlie square root of the elastic force, it 
in this cose, be represented by the radius vector of the sui 
of elasticity in the direction of the vibratioDS. Hence, i 
conceive the vibration in the incident wave to be resolved 
two within the crystal, performed in two determinate d 
tions, these will be propagated with different velocities; 
as a diifercuce of velocity gives rise to a difference of re 
tion, it follows that the incident ray will be divided into 
w ithiu the crystal, which will in general pursue different p 
Thus, the bii'urcation of a ray, on entering a crystal, pre( 
no difficulty, provided we can explain in what mannec 
vibration comes to be resolved. 

(182) To understand in what manner this takes plao 
us conceive a plane wave advancing within the crystal, 
the principle of transversal vibrations, the movements o; 
ethereal molecules arc all pnrallel to the wave. But the 

lion ofeayh molecule, when thus removed from itspositif 
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equilibrimn, is resisted bj the elastic force of the medium ; 
and that force is, in general, oblique to the direction of the 
displaoement. If the plane containing the direction of the force 
and that of the displacement were normal to the plane of the 
wave, the force would be resolvable into two,— one perpen- 
dicular to the plane of the wave, which (by the principle of 
tomsversal vibrations) can produce no effect ; and the other 
in the direction of the displacement itself, which will thus 
be communicated from particle to particle without change. 
But this, in general, is not the case. Fresnel has shown, how- 
ever, that the displacement may be resolved in two direc- 
tions in the plane of the wave, at right angles to one another, 
such tiiat the elastic force called into action by each compo- 
nent will be in the plane passing through the component, and 
noilnal to the wave ; and thus each component will give rise 
to a wave, in which the direction of the vibrations is pre- 
served, and which therefore will be propagated with a con- 
stant velocity. 

The two directions, above alluded to, are those of the ffreat- 
est and least diameters qfthe section of the surface of elasticity 
made by the plane of the wave ; so that if the original dis- 
placement be resolved into two, parallel to these directions, 
each component will ^ve rise to a plane wave, in which the 
vibrations preserve constantly the same direction. The velo- 
city of propagation being represented by the radius vector of 
the surface of elasticity in the direction of the displacement, 
the velocities of the two, parts of the wave will be proportional 
to the greatest and least diameters of the section of the surface 
of elasticity, to which the vibrations are parallel. Thus it 
appears that an incident plane wave, in which the vibrations 
are in any direction, will be resolved into two within the 
crystal ; and these will be propagated with different velocities^ 
and consequently assume different directions, 

(183) The vibrations in these waves hemg parallel to two 
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fixed lines, — namelj, the greatest and least diameters ot'lhe 
section of the surtiice of elaaticity, — it follows that the twore- 
tiracted rays are pularized, and that their planes of polarization 
are at right avgle*, being the planea passing through the di- 
rection of the ray and these two lines. I lence it follows, that 
the plnDe of polaiization of one of the raysbiaecta the dihedral 
angle made by the two planes, which pass through the nor- 
THal to the leaee and the normals to Ike two circular sections of 
the surface of elasticity ; and that the plane of polarization of 
the other is perpendicular, This coincides, very nearly, with 
the rule previously given by I\I. Biot, namely, that theplaM 
of polar izotion of one of the pmeila lAaeeCt the dihedral angU 

formed by planes drawn tlirouffh the ray and the ttco optic axet; 
while that of the Other is perpendicuiar, or bisects the suppiemental 
dihedral angle. 

Thus the two fundamental facts of crystalline refraction — 
namely, the bifurcation of the ray, and the opposite polariza- 
tion of the two pencils — are completely accounted for. 

Further, the amplitudes of the resolved vibrations are re- 
presented by the cosines of the angles which the direction of 
the original vibi-ation contains with the two fixed rectangular 
directions ; and, as the squares of these amplitudes measure 
the inteneities of the two pencils, the liiw of Malus respecting 
these intensities is a necessary consequence. 

(184) The velocity of propagation oi'aplnite wave 
direction being known, the^rm ofthe tcave, diverging from 
any point within the crystal, may be found. For, if we con- 
ceive an indefinite number of plane waves, which, at the coi 
mencement of the time, all pass through the point which is 
considered as the origin of the disturbance, the wave surface 
will be that touched by all these planes at any instant. Fresnel 
lias given the following elegant consti'uction for its determi- 
nation :— " Let an ellipsoid be conceived, whose semiases ai-e 
tt. h, c (the same as those of the surfiice of elasticity), and let 
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it be cot by any diametral plane. At the centre of this sec- 
tion let a perpendicular be raised ; and on this line let two 
portions be taken, whose lengths (measured from the centre) 
are equal to the greatest and least radii of the section. The 
extremities of these perpendiculars will be the loci of the 
double wave." 

The equation of the wave surface is of the fourth order ; 
it has been thrown into the following symmetric form by Sir 
William Hamilton, 

a«ar» 6»y» c«r» 
^ y. ^ — 

(185) The form of the wave surface being known, the di- 
rections of the two refracted rays are determined by tangent 
planes drawn to the two sheets of the surface, according to 
the construction of Huygens. Conceive three surfaces, hav- 
ing their common centre at the point of incidence, and repre- 
senting, respectively, the simultaneous positions of three waves 
diverging from that point, — the first in air, which is a sphere; 
and the other two within the crystal, which are the two sheets of 
the surface we have been considering. Let the incident ray 
be produced to meet the sphere, and at the point of intersec- 
tion let a tangent plane be drawn. Through the line of inter- 
section of this plane with the refracting surface, let two planes 
be drawn touching the two sheets of the refracted wave ; the 
lines connecting the centre with the points of contact are the 
directions of the two refracted rays.* 



* If, in place of the ellipsoid mentioned above, we take that whose semi- 
axes are -» r, -, the three principal refractive indices of the medium, the 
a h c '^ '^ 

surface derived from it by the same construction will represent the normal 
thumess of the waves, and is connected with the wave surface by a remark- 
able relation of reciprocity. The properties of this surface lead to the fol- 
lowing elegant construction for the directions of the refracted rays, a con- 
struction which is, in many cases, more convenient than that given above : 
— ** With the point of incidence, as a common centre, construct the surfaces 
of wave'slowness belonging to air and to the crystal, respectively. Let the 
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It may ho shown tliat the direction of the vibratory mOTe- 
tuent, nt any point of the surface of the wave, coiDcides with 
tlie projection of the radius vector upon the plane whicli 
touches the eurface at tliat point. Hence, li' perpendiculars 
be let fall from the centre, on the tangent planes to the two 
sheets of the wave surface, the linea connecting their feet with 
the points of contact arc the directions of the vihrations in thfi 
two raya; and thereibre determine their planes of polarization. 
The perpendiculars themaelvea measure the velocities of pro- 
pagatiou of the waves, while the radii vectores represent thoEe 
oi' the rat/s. 

(186) From the construction of the wave surface, above 
given, it follows that there are two directions, — namely, the 
nonnals to the two circular Bections ofthe ellipsoid, — in which 
the two sheets of the wave surface have a common radius 
vector, and therefore the two rays a common velocity. If w 
and <o' denote the angles which any line drawn from the centre 
of the wave makes with these lines, v and v the i-adii vectores 
in its direction terminating in the two sheets of the wave 
surface, the equation above given may be reduced to the fol- 
lowing remarkable polar forms : — 

o"^ = a"'8in'i((u + iu') + c-'cos^^ (lu + (o'), 
w'-' = a-'ein'i((i>-(ii') + c-=coe*i((u - w'). 

Since the radius vector of the w&ve surface measures the 



iDcident tilJ be praduoed to meet the sphere, which represents Ibe normal 
glownesB of the wavo in air ; and froni tbe point of interSGCtion let a, per- 
pendicular bo drawn to tho refracting surface. This will cut the anrface of 
slovrnesa ofthe refracted waves, in general, in two points. The lines oon- 
Dpoting these points with the centre will represent the direction and narnial 
slowness of the teases j while tbe perpendiculars from the centre on the 
tangent planes at the same points will represent tbe direction and slowness 
ofthe rays." This conslruclion was given by Sir William Hamilton and 
Professor Mae Cnllagh. 
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^eJocity ol' the ray in ite direction, the velodtiee of tlie two 
isya are given by the preceding formulic. If we Bubtract the 
Matter from the former, we find (oiler a simple trigoDometncal J 
fcduction), I 

'ence the diiFerence of the aquarea of tlie reciprocal velocities, 
ia the two raya, la proportional to the product of the einea of 
;he angles made by their common direction with the lines in 
hich the two rays have a common velocity. In all known 
rytala, these linea deviate very little from the optic axes,— or 
the linea in which the two parts of the wave have a common 
Telocity ; and thus the remarkable law, to the discovery of 
TFhich M. Biot was led by analogy, and which has been also 
«hown to flow from the constructions for the velocity given by 
Sir David Brewster, is a necessary consetiuence of Frcsnel's 
theory. 

The two sets of lines above alluded to — the lines of single 
ray-veloaty, and single wave-velocity — are situated in tlie plane 
of the axes of greatest and least elnsticity, the lines of each 
pair making equal angles with the axis of greatest elasticity 
on eitlier side. The tangents of these angles are respec- 
tively, 

n^b'-c' , i/lZ-c- 

Hence, when b' = c\ or b'' = a^, these angles become 0, or 90° ; 
and the two optic axes unite, — coinciding in the former case 
Vith the axis of gi-eatest elasticity, and in the latter with that 
of the least. 

In each of these cases, then, w = w', and the preceding 
equations become 

v'^ = a'^ eia''iu + c'cos'^ui, v' = c-, 

the liirmer of wliich is the equation of the ellipsniiJ of rc\olu- 
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tjon, and the latter ihat of tlic tphere. Accordingly, the 
wave surface reaolvee itself into the sphere and spheroid of the 
Huygenian law ; aud the form of the wave in uniaxal cryBtalBi 
which waa asiumed by Huygens, is deduced as a simple corol'* 
lary from the general theoiy of Fresnel. 

Finally, when the three elasticities are all equal, it will 
appear at oncetrom the preceding equations that the spheroid 
becomes a sphere. The velocity is accordingly the same in 
all directions, and the law of refraction is reduced to the known 
law of Snell. 

(187) It has been stated (70) that, as soon aa a class of dou- 
ble -refracting substances was discovered, possessing two optic 
axes, the construction of Huygena was found not to be gene- 
ral. It WHS still thought, however, that the velocity of o«eof 
the rays in eveiy crystal wna constant ; or, in other words, 
that one of the rays waa refracted according to the ordinary 
law of the sines. According to Freancl's theory, however, 
the velocity of neither oi' the rays in biaxal crystals was con- 
stant, and the refraction of both was performed according to 
a new law. It was, therefore, a matter of much interest to 
decide this question by accurate experiment. This experimental 
problem was solved by Fresnel himself, and the result was de- 
cisive in favour of his theory. 

It has been already shown (81) that when light, diverg- 
ing from a luminous origin, passes through two near aper- 
tures in a screen, the two pencils into which it is thus divided 
will interfere, and produce fringes, — the central fringe being 
the locus of those points at which the two rays have tra- 
versed equal paths. Now if two plates of glass, cut from the 
same plate, and of exactly the same thickness, be placed per- 
pendicularly, one in the path of each ray, the two rays will be 
equally retarded, and the central fringe will remain undis- 
placed. But if, instead of glass plates, we employ plates cut 
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U different directions from tlie same hiaxol rryg((i/,— the plates 
ing of exactly the same thicknesa,^ the fringes produced by 
B interference of the two ordinary ■ rays will remain still un- 
wphiced, if the velocity of these raya is the same in the two 
; while, on the other hand, if the velocitiee be difler- 
nt, the fringes will be shifted from their origlnul position, 
n trial, the result was fouud to be as Fresnel had anticipated i 
ne fringes xcere displaced ; and the amount of that displace- 
■eed with the calculated differenco of veloeity, which 
1 been previously deduced from theory. 
In a second experiment, two prisms were cut in different 
jctions from the same crystal of topaz, cemented together, 
i ground to the same angle ; and the compound prism thua 
llibrnied was achromatized by a prism of glass. On looking 
throngh the combination at a line of light, Fresnel found that 
the ordinaiy image of the line was /troAen at the junction of the 
two prisms, — thus showing that the ray was unequally re- 
fracted in different directions. 



(188) Therearetwo remarkable cases of Fresiiel's theory, 
WhicK have since furnished a very striking confirmation of 
its tmth. * 

If we make ^ = 0, in the equation of the wave surface, so 
as to obtain its intersection with the plane ofcez, the resulting 
equation is reducible to the form 

(jr' + s' - 6") [a' X* + e' 2' - a^ c'] = 0. 
his equation is manifestly resolvable into the two tbllow- 

x'' -{■ z" = 6', a- x'' 4 c' 2' = a* c' ; 
I that the surface intersects the plane of xz in a circle 



• The ray whose Telocity varies tht 
9, though improperly, called for disi 



iaial crystals, i 
BTdinnry ray. 
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and ellipse. Aa these two curves have a common centre, 
nod as the radius of the circle, b, la of intermediate magni- 
tude to the semtaxes of the ellipse, it follows that they 
must intersect in four points, a» is represented in the annexed 
diagram. 

Now, when two rays pass within the 
crystal in any common direction, as 
OAB, their velocities arc represented 
by the radii vectores of the two part* of 
the wave, OA and OB; and their direc- 
tions, at emeigence, are determined by 
the positions of the tangent [ilanes at the 
points A and B. But in the case of the 
ray OP, whose direction is that of the 
line joining the centre with one of the 
four cuaps, or intersections just mentioned, the two radii 
vectores unite, and the two rays have the same velocity. 
There are still, however, two tangents to the plane section 
at the point P; ao that it might be supposed that the 
rays proceeding with ihia common velocity within the crystal 

would still be divided at emergence into two, — and two only, 

whose directions are determined by the tangent planes. This 
seems to have been Fresnel's view of the case. Sir William 
Hamilton has shown, however, that there is a csw/i at each of the 
four points just mentioned, not only in thb particular section, 
but in every section of the wave-surface passing through the 
line OP ; or, more properly, tliat there is a conoidal cusp on 
that surface at the four points of intersection of the circle and 
ellipse, and consequently an infinite number of tangent planes, 
which form a tangent cone of the second degree. Hence, s 
tingle ray, such as OP, proceeding within the crystal in one of 
these directions, should be divided into an infinite number of 
rays at emergence, whose directions and planes of polarization 
are determined by the tangent planes. 

Agiun, it is evident that the circle and ellipse I 
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common tangenis^ such aB MN ; and the planes passing through 
these tangents, and perpendicolar to the plane of the section, 
are perpendicular to the optic axes of the crystal. Fresnel 
seems to haye thought that these planes touched the wave 
surfiice in the two points just mentioned, and in these only; 
and, consequently, that a single ray, incident upon a biaxal 
crystal in such a manner that one of the refracted rays should 
coincide with an optic axis, OM, will be divided into two 
within the crystal, OM and ON, determined by the points of 
contact. But Sir William Hamilton has shown that the four 
planes of which we have spoken touch the ware surface, — not 
in two points only, — but in an infinite number of points y consti- 
tuting each a small circle of contact; and, consequently, that a 
single ray of common light, incident externally in the above- 
mentioned direction, should be divided into an infinite number 
of refracted rays within the crystal. 

(189) Here, then, are two singular and unexpected con- 
sequences of Fresnel's theory, not only unsupported by any 
facts hitherto observed, but even opposed to all the analogies 
derived from experience ; — ^here are two remote conclusions of 
that theory, deduced by the aid of a refined analysis, and in 
themselves so strange, that we are inclined at first to reject 
the principles of which they are the necessary consequences. 
They accordingly frimish a test of the truth of that theory of 
the most trying nature that can be imagined. 

Bdng naturally anxious to submit the wave-theory to this 
test^ and to establish or disprove its new results, Sir William 
HaaiiltoiiL requested the author to examine the subject expe- 
rimentaltf • The result of this examination has been to prove 
the eadatence of both species of conical refraction. 

The first case of conical refraction is that called by Sir 
William Hamilton external conical refraction^ and was ex- 
pected to take place, as we have seen, when a single ray 
passes within the crystal in the direction of either of the lines 
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cii tingle ratf-nehcity. These linea coincide nearly, but not 
exactly, with the optic axea of the crystal ; and, id the mm 
of arnigonite (the crystal submitted to experiment), coalun 
an angle of nearly 20°. The plate of arragonitc employed had 
its faces perpendicular to the line bisecting the optic axes ; coft- 
sequently, the lines above mentioned were inclined to the peF- 
pendicular at an angle of about 1 0° on 
either side. Let these lines be repre- 
sented by OM and ON, equally in- 
clined to the perpendicular OP. A 
ray of common light traversing the 
crystal in the direction OM or MO, 
should emerge in a cone of rays, as 
represented in the figure ; the angle 
of this cone depending on the relative 
magnitude of the three elasticities of the crystal, a', V, C, In 
the case of arragonite this angle is considerable, and amounts to 
3° very nearly, 

A thin metallic plate, perforated with a very minute 
aperture, was placed on each face of the crystal ; and these 
plates were so adjusted, that the line connecting the two aper- 
tures should coincide with the line MO, or any parallel line 
within the crystal. The flame of a lamp was then brought 
near one of the apertures, and in such a position that the 
tral part of the beam converging from its several points to the 
aperture should have an incidence of 15° or 
16°. When the adjustment was completed, 
a brilliant annulua of light appeared, on look- 
ing through the aperture in the second surface. 
When the aperture in the second plate was 
ever so slightly shifted, so that the line con- 
necting the two apertures no longer coin- 
cided with the line MO, the phenomenon ra- 
pidly changed, and the annulus resolved itself into two sepa- 
rate pencils. 
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M The uundent oonyerging cone was also formed by a lens 

m of short focus, placed at the distance of its own focal length 

I 6om the surface ; and in this case, the lamp was removed to a 

f * distance, and the plate on the first surface dispensed with. 

The same experiments were repeated witli the sun's liglit ; 

and the emergent rays were even thrown on a screen, and thus 

the section of the cone observed at various distances from its 

fiummit. 

In the first experiments there was a considerable discre- 
pancy between the results of observation and theory, both as 
to the magnitude of the cone, and some other circumstances 
of its appearance. These discrepancies were found to arise 
fi'om the sensible magnitude of the little aperture on the second 
surface of the crystal, which suffered rays to pass which were 
inclined to the line OM at small angles. Accordingly, the 
magnitude of the observed cone required a correction before 
it could be compared with the results of theory : when this 
correction was applied, the agreement of the observed and 
theoretical angles was found to be complete. 

The rays which compose the emergent cone are all polar- 
ized in different planes. It was discovered by observation that 
these planes are connected by the following law, — namely, 
" the angle between the planes of polarization of any two rays 
of the cone is half the o.fyl^ between the planes containing the 
rays themselves and the axis,** This law was found to ho, in 
accordance with theory. 

(190) A remarkable variation of the phenomenon took 
place, on substituting a narrow linear aperture for the small 
circular one, in the plate next the lamp, in the first-mentioned 
mode of performing the experiment, — the line being so ad- 
justed, that the plane passing through it and the aperture on 
the second surface should coincide with the plane of the optic 
axes. In this case, according to the hitherto received views, 
all the rays transmitted through the second aperture should be 

N 
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refracted doubly in t/if plane of the optic axes, so that no part 
of the line should appear enlarged in breadth, on looking 
through this aperture ; while, according to Sir William Ha- 
milton, the my which proceeds in the (Urection OM should 
bfi refracted in every plane. The latter was found to be the 
case: in the neighbourhood of each of the optic axes, the In- 
ininouo line was bent, on either side of the plane of the axes, 
into an oval curve. This curve, it ia easy to show, is the eo»- 
rhoid of Nicomedei, whose asymptot is the line on the first 
surface. 

(191) The other case of conical refraction — called internal 
Clinical refraction by Sir William Hamilton — was expected to 
take place when a single ray hae been incident externally upon 
a biaxal crystal, in such a manner that one of the refi'acted 
rays may coincide with an optic axis. The incident ray in 
tliie case should be divided into a cone of rays within the 
crystal, the angle of which, in the case 
of arragonite, is equal to 1° 55'. The 
rays composing this cone will be re- 
fracted at the second surface of the crys- 
cal, in directions parallel to the ray inci- 
dent on the first, bo as to form a small 
cylinder of rays in air, whose base is the 
section of the cone made by the surface 
of emergence. This is represented in 
the annexed diagram, in which NO ia the incident ray, oOfi 
the cone ol" refracted rays witliin the crystal, and adb'b the 
emergent cylinder. 

The minuteness of this phenomenon, and the perfect ac- 
curacy required in the incidence, rendered it much more dii- 
ficult to observe than the former. A thin pencil of light, 
proceeding from a distant tamp, was suffered to fall upon the 
crystal, and the position of the latter was altered with extreme 
slowness, so as to cliange the incidence very gradually, When 
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the required position was attained, the two rays suddenly 
spread out into a contmuous circle, whose diameter was a]>- 
parently equal to their former interval. The same experiment 
was repeated with the sun's light, and the emergent cylinder 
was received on a small screen of silver paper, at various dis- 
tances from the crystal ; and no sensible enhu*gcment of the 
section was observable on increasing the distance. The angle 
of this minute cone within the crystal was found to agree, 
within very narrow limits, with that deduced from theor}^, — 
the observed angle being P 50', and the theoretical angle 

The rays composing the internal cone are all polarized in 
different planes ; and the law connecting these planes is the 
same as in the case of external conical refraction. 

(192) We have seen that the problem to find the direction 
and magnitude of the reflected and refracted vibrations, when 
those of the incident vibration are given, was solved by Frcs- 
nel in the case of ordinary media. In the year 1831, M. 
Seebeck generalized, to a certain extent, the solution of Fres- 
nel, and extended it to the case of reflexion hy u?iiaxal crystals 
in the principal plane. The general solution of the problem 
of reflexion and refraction by crystalline media was obtained, 
a few years later, by Professor MacCuUagh and M. Neumann 
upon other principles (156) ; and the memoir of the former is 
distinguished for the beauty and elegance of its geometrical 
laws. This solution, like that of Fresnel for ordinary media, 
does not include the change ofphascy which is now proved to 
take place in reflexion at the bounding surfaces of all media 
(174). Its results, accordingly, are only approximately true, 
the degree of approximation being probably the same as in the 
case of Fresnel's laws themselves. 
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CHAPTER XII. 

INTERFERENCE OF POLARIZED LIGHT. 

(193) Having considered the theory and laws of double 
refraction, we are prepared to study the phenomena of inte^ 
ference which take place when polarized light is tmnsmittd 
through crystalline substances. The effects displayed in sue) 
cases are probably the most splendid in optics ; and when i' 
is considered that, through them, an Ineight is afforded 
the very laboratory of Nature itself, and that we are thus en 
ableil almost to view the interior structure and niolecult 
ari'angement of bodies, the anbject will hardly be thought in- 
ferior in importance to any other in the science. 

The first disooveriea in this attractive region were niad( 
by Arago, who presented a memoir to the Institute, in th< 
year 1811, on the colours of crystalline plates when expoaet 
to polarized light. The subject has since been prosecutec 
with unremitting ardour by the first physical philosophers o; 
Europe, and among the forenioat by Biot, Brewster, and 
Fresnel. 

(194) It has been already shown (142), that when a beam 
of light, polarized by reflexion, is received upon a second 
fleeting plate at the polarizing angle, the twice-reflected light 
will vanish, when the plane of the second reflexion is per- 
pendicular to that of the first. The first reflector, in any 
apparatus of this kind, is called the polarizing plate, and tlia 
second (for reasons which will presently appear), the analyx- 
ing plate. Now, if between the two reflectors we interpose & 
plate of any double-refracting substance, the capability of re- 
flexion at the analyzing plate is suddenly restored, and a por- 
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tion of the light is reflected, whose quantity depends on the 
poaition of the interposed crystal. The light is thus said 
(though improperly) to be depolarized by the crystal ; and it 
was by this property that the double-refracting structure was 
detected by Mains in a vast variety of substances, in which 
the separation of the two rays was too small to be directly 
perceived. 

In order to analyze this phenomenon, let the crystalline 
plate be placed so as to receive the polarized beam perpendi- 
cularly, and let it be turned round in its own plane. We 
shall then observe that there are two positions of the plate in 
which the light totally disappears, and the reflected ray va- 
nishes, just as if no crystal had been interposed. These two 
positions are at right angles to one another ; and they are 
those in which the principal section of the crystal coincides 
with the plane of the first reflexion^ or is perpendicular to it. 
When the plate is turned round from either of these posi- 
tions, the light gradually increases ; and it becomes a maxi- 
mum J when the principal section is inclined at an angle of 45^ 
to the plane of the first reflexion. 

(196) In these experiments the reflected light is white. 
But if the interposed crystalline plate be very thin, the most 
gorgeous colours appear, which vary with every change of 
inclination of the plate to the polarized beam. 

Mica and sulphate of lime are very fit for the exhibition of 
these beantifid phenomena, being readily divided by cleavage 
into laminss of extreme thinness. If a thin plate of either of 
these substances be placed so as to receive the polarized beam 
perpendicularly, and be then turned round in its own plane, 
the tint does not change, but varies only in intensity ; the 
colour vanishing altogether when the principal section of the 
crystal coincides with the plane of primitive polarization, or 
is perpendicular to it, — and, reaching a maximumy when it 
is inclined to the plane of primitive polarization at an angle 
of 45^ 
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If, OD the other hand, tlie crystal \)e fixed, and the lUia- 
lyzing pinte turned, — so aa to varj- the inclination of the plane 
of the second reflexion to that of the first,— the colour will he 
obBcrved to pn^a, throngh every grade of tint, into the com- 
jilementary colour; it being always found that the light re- 
flected in any one poeilion of the analyzing plate is campit- 
mentary, holh in colour and intensity, to that which it reflects 
in a poaition 90" from the former. Thia curious relation will 
api>ear more evidently, if we substitute a double-refinoliiig 
prism for the second reflector ; for the two pencils refracted 
by the prism have their |>laiiefl of polarization — one coincident 
with the principal section of the prism, and the other at right 
angles to it, and are therefore in the same condition as the 
light reflected by the analyzing plate, with its plane of re- 
flexion successively In these two jiositions. In this manner 
the complementary lights are seen together, and may be easily 
compared. But the accuracy of the relation is completely 
established by malting the two pencib partially overlap ; for, 
whatever be their separate tints, it will be found that the part 
in which they are superposed is absolutely tohife. 

( 1 96) When laminaj of different thicknesses are interposed 
between the polarlziug and analyzing plates, so as to receive 
the polarized beam perpendicularly, the tints are foimd to 
vary with the thickness. The colours produced by plates of 
tlie same ci^stjil, of different thicknesses, follow the same law 
Hi the colours reflected from thin plates of nil, the tints riiiiig 
ill the scale as the thickness is diminished ; until flnally, when 
this thickness is reduced below a certain limit, the colours 
disappear altogether, and the central space appears black, as 
when the crystal is removed. The thickness producing cor- 
responding tints is, however, much greater in crystalline plates 
exposed to polarized light, than in thin plates of air, or any 
other uniform medium. The black of Hit first order appears 
in a plate of sulphate of lime, wlien the thickness is the 
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[ptli of an incli. Between jnuolli aud j'jtii of an iiicli, we 

■ave the whole succession of colours of Newton's scale; and 

l^i'heu the tliickne^e exceeds the latter limit, the transmitted 

s always white. The tint produced by a plate of mica, 

n polarized lighti is the same as that reflected from n plate 

■ of air of only the totj*'' pirt of the tluckni 

Pursuing the examination of the same subject for oblique 
mddences, M. Biut found that, in un'iaxal cryetaU, the tint 
developed — or rather the number of periods and jmrls of a 
period belonging to a my of given refiangibility — was deter- 
mined by the feagl/i of the path traversed by the ligiit within 
the crystal, and by the square of the »ine oi' the angle which 
Its direction made with the optic axis, jointly. In biiixal crya- , 
taJa we must substitute, for the square of the sine, l\\a product 
''i^the sines of the angles which the ray makes with the two 
axes. 




(197) Let us now turn to the physical theory, and see in 
"^hat manner it explains the appearances, 

We have seen that the wave incident u]>on a crystal 
•s resolved into two sets of waves within it, which traverse 
* t in different directions, and with different velocities. One 
^f these waves, therefore, will lag behind the other, and 
tJiey will be in different phases of vibration at emergence. 
^Vhen the plate is thin, this ntardation of one wave upon the 
«ther will amount only to a few undulations and parts of an 
undulation; and it would therefore appear that we have here 
all the conditions necessary for their interference, and the con- 
sequent production of colour. Such was the sagacious con- 
jecture of Young. 

But here wc are met by a difficulty. So far as this explar 
[ nation goes, the phenomena of interference and of colour should 
I be produced by the crystalline plate alone, and in common 
rVght, without either polarizing plate or analyzing plate. Such, 
I liowever, is not the fact, and the real difficulty in this ciise is. 
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— not BO much to explaiu how the phenomeua are jjroJuceJ, 
as lo show why they are «o( always produced. 

Id seeking for a solution of this difficulty, we percave 
that the two raya, whose interference is supposed to produce 
the observed results, are not precisely in the condition of 
those whose interference we have hilherto examined. They 
are polarized, and polarized in opposite planes. We are led 
tlien to inquire, whether there is anything peculiar to the in- 
terference of polarized raya which may influence these results; 
and the answer to tbia inquiry will be found to complete the 
Bolutitm of the problem. 

(198) The subject of the interferaice of polarized light 
wa'S exacnined, with reference to this question, by Fresnel and 
Arago, and its laws experimentally developed. It waa found 
that two rays of light, polarized in the name plane, interfere 
and produce fringes, under the same circumstances as two 
rays of common light ; — that when the planes of polarization 
of the two rnya are inclined to each other, the interference is 
iliminiahed, and the fringes decrease in intensity ; — and that, 
finally, when the angle between these planes is a right angle, 
no fi'inges whatever ai-e produced, and the rays no longer in- 
terfere at all. These facts may be established by taking a 
plate of tourmaJine which has been carefully worked to a 
uniform thickness, cutting it in two, and placing one-half in 
tlie path of each of the interfering rays. It will be then found 
that the intensity of the fringes depends on the relative posi- 
tion of the axes of the two tourmalines. When these nxea are 
parallel, and consequently the two raya polarized in the game 
plane, the fringes are best defined; they decrease in intensity, 
when the axes of the tourmalines are inclined to one another ; 
and, finally, they vanisli altogether when the axes form a right 
angle. 

In this law we find the account of the fact which hitherto 
I>erplexed us, — namely, that no phenomena of interference or 
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colour are produced, under ordinary circumstances, by the two 
rajs which emerge from a crystalline plate, and which are 
polarized in opposite planes ; and we learn that, to produce 
these phenomena in perfection, the planes of polarization of the 
two rays must be brought to coincidence by the analyzer. 

The non-interference of rays, polarized in planes at right 
angles to one another, is a necessary result of the mechanical 
theory of transversal vibrations. In fact, it is a mathematical 
consequence of that theory, that the intensity of the resultant 
light in that case is constant^ and equal to the sum of the in- 
tensities of the two component lights, whatever be the phases 
of vibration in which they meet. 

But though the intensity of the light does not vary with 
the phase of the component vibrations, the character of the 
resulting vibration will. It appears from theory, that two 
rectilinear and rectangular vibrations compound a single vi- 
bration, which will be also rectilinear when the phases of the 
component vibrations differ by an exact nimaber of semi-un- 
dulations ; that, in all other cases, the resulting vibration will 
be elliptic ; and that the ellipse will become a circle^ when the 
component vibrations have equal amplitudes, and the differ- 
ence of their phases is an odd multiple of a quarter of a wave. 
These results of theory have been completely confirmed by 
experiment. 

(199) Fresnel and Arago discovered, further, that two 
oppositely polarized rays will not interfere, even when their 
planes of polarization are made to coincide, unless they belong 
to a pencil, the whole of which was OY\gin231j polarized in one 
plane; and that, in the interference of rays which had un- 
dergone double refraction, half an undulation must be supposed 
to be lost or gained^ in passing from the ordinary to the extra- 
ordinary system, — just as in the transition from the reflected 
to the transmitted system, in the colours formed by thin plates. 

The principle of the allowance of half an undulation is a 
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simple ctitisequence of tbe theory of transvei'sal vibratiom 
In fact, tlie vibration of the wave incident on the crystal ii 
resolved into two within it, ntriglit angles to one another, ooa 
in tlie plane of the principal section, and the other in the per- 
pendicular plane. Each of these must be again resolved, 
two fixed directions which are also perpendicular ; and it will 
easily apiiear from the process of resolution, that, of the four 
components Into which the original vibration is thus resolved, 
the pair in one of the final directions must conspire, while ia 
the other they are opposed. Accordingly, if the vibratiopsof 
. the one pair are coincident, those of the other differ by half an 
wtdulatiim. Hence, when the plane of reflexion of the sua- 
Ivzing plate coincides successively with these two poeilioDS, 
the colours (which result from the interference of the portioDi 
in the plane of reflexion) will be complementary. 

The former of the two laws explains the ofl3ce of the 
jiolariziny plate in the phenomena. To account niechnni- 
cally for the non-interference of the two pencils, when the 
light incident upon the crystal is unpolanzed, we may regard 
a ray of common light as composed of two rays of equal inten- 
sity, oppositely polarized," and whose vibrations are therefore 
perpendicular. Each of these vibrations, when resolved into 
two within the crystal, and these two agiun resolved in the 

• More projjerly, a raj of cotninoD liglit, mnst be regarded as composed 
or an indcHnite number of rays polarized in all uzimutlis; so that if any two 
planes be assumed at right angles, there will be an equal quantity of light 
aetuslly polarized in each. Ordinary light, in fact, consists of a series of 
syslpms of wales, in eaoh of which the vibrations arc diETcrent ; the difTerent 
ayateuiE succeeding ona another so rapidly, that, in a moderate time, as nianj 
vibrations take place in an; one plane, as in another at right angles to it. 
But the phenomena of interference, exhibited by common light, compel us also 
to admit (as Mr. Airy has observed) that tbe vibrations do nol change co«- 
\ that in each system of waves thero are, probably, several hun- 
dred vibrations irhich are all similar, — although the vibrations constituting 
one system bear no relation to those of another, and the different sysCemi 
e another with such rapidity as to obliterate all trace of polari- 
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j'laTie of reflexion of tJie analyzing plate, will esljibit tLe plie- 
numcna of Interference. But the interval of retardatiuti will 
ilifFcr by half a wave in the two cn^es ; the tints produced will 
tlierefure be complementary, and the light resulting from tlieir 
union will be of a uniform whiteneas." 

(200) These laws of interference being kept in mind, the 
iT[i3oa of all the phenomena is apparent. The ray is origi- 
ntilly polarized in a single plane, by nienns of the polarizing 
|pl;ile. It is then divided into two within the crystal, which 
lire polarized in oppOBite planes ; and these are finally reduced 
U> tlie same plane by means of the analyzing plate. The two 
[lEQcils will therefore interfere ; and the resulting tint will 
ilcpend on the retardation of one of the rays behind the other, 
[troduced by the difference of the velocities with which they 
tm verse the crystal. 

It has been shown, that the difference between the re- 
ciprocals of the squares of the velocities, with which the twu 
riiTB traverse the crystal, is proportional to the product of the 
sines of the angles wluch their direction makes with the optic 
axes ; or, that if v and v denote the velocities of the two rays, 
w and w the angles which their direction makes with the two 



But if t and t' denote the times occupied by the two raya in 
traversing the crystal, and the thickness actually traversed. 



• We hare bere anppciiied the resulting light to be simpi; the mm of the 
lights dcrired from eneb of tbe portions into which the original light was 
supposed to be rasolred, without reference to their phase. The justice of 
this assumpliou depends upon tbe fact adverted to in the preceding note,— 
naaielj, that tbe tno oppoaitelj polarized portions, into which we haie sup- 
posed common light to be resolved, differ in phase, — that difference conlinu- 
DII7 varying. The sacne thing is true, therefore, of the final components; 
io that these niiist be regarded as lights proceeding from diffrrtnt soureta, 
jund a light equal in intensity to the sum of the nomponents. 



^ti compound a light 
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—or tlie thickness of the jilnte multiplied by the secaut ol' ihe 
mgle of refraction, 



Now the first factor of this product is very nearly constant: 
we have, therefore, 

t - t' " const X 6 sin (■> sin w' ; 
or, the interval of retardation is proportional to the product of 
the iinea of the angles which the direction of the rays makea 
witli the two axes, and to the thickness of the crystal tra- 
versed, jointly. When the two axes coalesce, or the 'crystal 
becomes uniaxal, the retardation is proportional to the square 
of the sine of the angle which the direction makes wilh the 
axis. But the tint developed is measured by the interval of 
retardation ; accordingly the laws of the tints, discovered ex- 
perimentally by M. Biot, flow immediately from the theory. 

(201) It IB plain that the light issuing from the cryatal 
is, in general, ellipHcally polarized, inasmuch as it is the re- 
sultant of two waves, in which the vibrationa are at i 
angles, and differ in phase. Hence, when homogeneouB light 
is used, and the emergent beam is analyzed with a double-re- 
fracting prism, the two pencils into which it is divided vary 
in intensity as the prism is turned, ^neither, in general, ever 
vanishing. 

When the thickness of the crystal is such, that the differ- 
ence of phase of thc-two rays is an exact number ofsemi-ua- 
tlulalions, they will compound a plane-polarized ray at emer- 
gence, — the plane of polarization coinciding with the plane of 
primitive polarization, or making an equal angle with the prin- 
cipal section of the crystal on the other side, accoi'ding as the 
difference of phase is an even or odd multiple of half a wave. 
Accordingly, one of the pencils into which the light is divided 
by the analyzing prism will vanish in two positions of its 
principal section ; and it is manifest that the successive thick- 
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nesses of the crystalline plate at which this takes place form a 
series in arithmetical progression. 

On the other hand, when the difference of phase is a 
quarter of a wave-length, or an odd multiple of that quantity, 
-^and when, at the same time, the principal section of the 
crystal is inclined at an angle of 45^ to the plane of primitive 
polarization — ^the emergent light will be circularly polarized. 
This is one of the simplest means of obtaining a circularly-po- 
lacized beam ; but it has the disadvantage, that the required 
interval of phase is only exact for waves of one particular 
length, and that^ therefore, the circular polarization is perfect 
only for one colour. 

(202) It has been stated (195) that the phenomena of co- 
laur are only produced when the crystalline plate is thin. In 
thick plates, where the difference of phase of the two pencils 
contains a great many wave-lengths, the tints of different orders 
come to be superposed (as in the case of Newton's rings, where 
the thickness of the plate of air is considerable), and the re- 
sulting light is white. The phenomena of colour may still, 
however, be produced in thick plates, by superposing two of 
them in suck a manner, that the ray which has the greater 
velocity in the first shall have the less in the second. We 
have only to place the plates with their principal sections per- 
pendicular or parallel^ according as the crystals to which they 
belong are of the same, or of opposite denominations. Thus, 
if the crystals be uniaxal, and both positive, or both negative, 
they are to be placed with their principal sections perpendi- 
cular ; and, on the other hand, these sections should be parallel, 
when one of the crystals is positive and the other negative. 
The reason of this is evident. 

(203) Let us now consider the effects produced when a 
converging or diverging pencil of rays traverses a uniaxal 
crystal, in various directions inclined to the axis at small 
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Angles; and let us suppose, for simplicity, tltitt tbe crrstil- 
lioe plalc is cut in a direction perpendicular to the axiu. 

I^et ABCn be tlic plate, and E the place of the e;e. 
The visible portion of the emergent beam will form a cone, 
AEB, whose summit coin- 
cides with the place of the 
eye, and axia, EO, with the 
axis of the crystal. The ray 
which traverses the crystal 
in the direction of the axis, 
POE, will undergo no 
change whatever; and con- 
Bec|uently will be reflected, or not, from the analyzing plate, 
according aa the plane of reflexion there coincides with, or 
perpendicular to, the plane of the first reflexion. But tJie 
other rays composing the cone will be modified in their ])»«- 
sage tlirough the crystal ; and the changes which tbey undergo 
will depend on their inclination to the optic axis, and on the 
position of the principal section with respect to the plane of 
primitive polarization. 

Let the circle represent the section of the emergent 
of rays made by the second siuface of the crystal ; tmA let 
MM' and NN' be two lines drawn 
through its centre at right angles, 
being the intersections of the plane 
of primitive polarization, and of 
the perpendicular plane, rc8[jec- 
tively, with the surface. Now 
the raya which emerge at any 
point of these lines will not be di- 
vided into two within the crystal, 
nor will their planes of polarization 
be altered ; because the principal section of the crystal, for 
these rays, in the one case coincide:^ wltli the plane of priuu- 
tive polarization, and in (lie other is pcrpendiculai- to it. 
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These rajB therefore will be reflected, or not, from the ana- 
lyzing plate, according as the plane of reflexion there coinddes 
with, or ie perpendicular to, the plane of the flrst reflexion. 
In the latter case, therefore, a f/laci crots will be displayed 
on the field, and in the former a ir/iUe one, — as ia represented 
in the annexed diagrtuns. 




But the caae is different with the rays which emerge at 
any olher point, such as L. The principal section of the crys- 
tal for this ray, OL, neither coincides with, nor is perpendi- 
cular to, the plane of primiUve polarization ; and coniiequently 
the incident polarized ray will be divided into two within the 
crystal, whose planes of polarization are parallel and perpendi- 
culiu- to OL, respectively. The vibrations in these two rays 
are reduced to the same plane by means of the analyzing plate : 
they will therefore interfere, and the extent of that interfer- 
ence will depend on their difference of phase. 

Now the diflference of phase of the two rays depends on the 
interval of retardation. When this interval is an odd multiple 
of half an undulation, the two rays are in complete discord- 
ance; and, on the other hand, they are in complete accord- 
ance when it is an even multiple of the same quantity. 
We have seen (201) that, for a given plate, the interval of 
retardation is proportional to the square of the sine of the 
angle which the ray makes with the optic axis within the 
crystal. It may be easily shown that the sine of this angle 
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is very nearly proportional to the eiue of the angle LEO 
(see first fig. p. 190), which the emergent ray makea with 
the axis ; and this latter to LO, the distance of the point of 
emergence from the centre. The retardation therefore varies 
OS the square of the distance LO ; and consequently the suc- 
cessive dark and bright lines will be arranged in circles, (us 
represented in the preceding diagrams) the squares of whose 
radii are in arithmetical progression. 

We have l)ecn speaking hitherto of homogeneous light. 
When white or compound light is used, the rings of different 
colours will he partially superposed, and the result will be a 
series of iris-coloured rings separated by dark intervals. All 
the phenomena, in fact, with the exception of the cross, are 
similar to those of Newton's rings; and we now see that they 
are both cases of the fertile principle of interference. These 
rings are exhibited even in thick crystals, because the difference 
of the velotdlies of the two pencils is very small for rays 
slightly inclined to the optic axis. 

(204) Let U9 now consider briefly the case o^biaxal crys- 
tals. 

Let a plate of auch a crystal be cut perpendicularly to the 
line bisecting the optic axes, and let it be interposed, as be* 
fore, between the polarizing and analyzing plates. Jn this 
case the bright and dark bands will no longer be disposed in 
circles, as in the former, but will form curves which are sym- 
metric with respect to the lines drawn from the eye in the 
direction of the two axes ; the points of the same band 
being those for which the interval of retardation of the two 
rays, ( - 1', is the same. Now this interval is proportional 
to the product of the sines of the angles which the direc- 
tion of the rays makes with the optic axes (200) ; and these 
sines are, very nearly, as the distances of the points of emer- 
gence (measured on the face of the crystal) from the projec- 
tions of the optic axes. Hence the product of these distances 
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will be constant for all the points of the same curve. The 
cnrve formed by each band ia therefore the Umnhcata of Jamea 
BemouUIi, — the fundamental property of which is, that the 
product of the radii vectorea, drawn from any point to two 
fixed polea, is aconatant quantity. 

The exactneaa of thb law haa been verified, in the most 
complete manner, by the mcaeurementa of Sir John Herechel. 
The constant varies from one curve to another, — being pro- 
portional to the interval of retardation, and increasing there- 
fore aa the numbers of the natural series lor the successive 
dark bands. For different plates of the same Bubstance, the 
constant is inversely aa the thickness. 

The annexed diagrams represent the systems of rings in a 
biaxal crystal whose axes form a small angle with one another, 
in two positions of the crystalline plate, the planes of polari- 
zation of the polarizing and analyzing plates being at right 
angles. 




The form ol' the dark brushes, which cross the entire sys- 
tem of rings, ia determined by the law which governs the . 
planes of polarization of the emergent rays. There is no dif- 
ficulty in showing, on the principles of Fresnel's theory, that 
^twD such dark curves, in general, pass through cnch pole 
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ukd that they m rtetwmgwia r kfpetholat, whose cohuuod centre 
■■ the middle point of the fine wludi oonnect^ the projectioiB 
of the two axes. 

(205) The pheDotneu of depokrization and of colour, 
impiuNd by dooble-refVacting sabstancea upon the trans- 
milted H^t, are, we have seen, the o«ceseaiy results of the 
iDterfercDCe (^the two pencils into which the light is divided 
within them. Theae properties, therefore, become distinctiTe 
characten of the doable-refiacting structure ; and thns enaUe 
ns to discover the existence, and to trace the laws, of that 
Btructore, even in substances in which the separation of the 
two penciia is too minate to be directly ob8erved. By such 
means it has been discorered that a, double refracting structure 
may be communicated to bodies which do not possess it na- 
turally, by mechanical compression or dilatation. Thns Sir 
David Brewster observed, that when pressure was applied to 
the opposite faces of a parallelopiped of glass, it developed 
a tint in polarized light, like a plate of double-retracting crys- 
tal ; and the tint descended In the scale as the preesiu-e was 
augmented. Single-reftacting crystals, — such as muriate of 
soda, and fluor spar, — acquired the property of double refrac- 
tion by the same means. 

The opposite effects of compression and dilatation may be 
very well seen, and studied, in a thick plate of glass bent by 
an external force. Tlie entire mass of the plate is thus thrown 
into an altered state of density, the parts towai-da the 
side of the plate being dilated, and those towards the 
side compressed ; while, about the middle of the thickness, 
there is a surface in which the particles are in their natural 
state. Accordingly, when this body is interposed between 
the polarizing and analyzing plates, so as to form an angle of 
45° with the plane of primitive polarization, two sets of co- 
loured bands are seen, separated by a ueuti-al line ; and these 
vanish altogether when the compressing force is withdrawn, 
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The parts towards the convex^ or dilated side of the neutral 
line, are found to have acquired a positive double-refracting 
structure, and those on the concave^ or compressed side, a ne- 
gative one. 

In these cases of induced double refraction, the pheno- 
mena are related to the form of the entire mass ; and the axes 
of double refraction are single lines within the substance, fixed 
in position^ as well as direction. In this respect the pheno- 
mena are essentially different from those produced by regular 
crystals^ in which the laws of the double refraction depend 
solely on the direction^ and are the same in all parts of the 
substance. 

(206) The phenomena described in the preceding article 
are in perfect accordance with the wave-theory. Owing to 
the connexion of the vibrating medium with the solid in 
which it is contained, its elasticity is rendered unequal in 
different directions by the effects of compression, the maxi- 
mum and minimum of elasticity corresponding to the direc- 
tions oi greatest and least pressure. Accordingly the vibra- 
tions of the ray, on entering the substance, are resolved into 
two in these directions, and these are propagated with unequal 
velocities. The incident wave will therefore be separated into 
two within the medium, one of which will be in advance of 
the other, and these will be in different -phases of vibration 
at emergence. The resolved parts of the vibrations, in the 
plane of reflexion of the analyzing plate, will accordingly in- 
terfere, and the tint developed will be determined by the in- 
terval of retardation. 

These results of theory were experimentally confirmed by 
Fresnel ; and he found that the velocity with which a ray 
traversed the glass was greater or less^ according as its plane 
of polarization coincided with^ or was perpendicidar tOy the line 
in which the pressure was exerted. The double refraction of 
the ray is a necessary consequence of this difference of velo- 

o 2 



196 INTERFBRBHCB OF POLARIZED LlfiHT. 

cities : but this was also established by Freanel by direct 
experiment. A eeriee of glass priams were placed together, 
with their retracting angles alternately in opposite directnons, 
and the ends of the alternate prisms were powerfully pressed 
by screws. A ray transmitted through the combination was 
found to be divided into tv)o oppositely polarized. The com- 
pressed prisms, in this arrangement, acquired a double-refract- 
ing structtire, the axis of pressure being also the axis of double 
refraction ; and their refracting angles being all turned in the 
same direction, the divergence of the two raya was increased 
in proportion to their number, and thus rendered sensible. 
The intermediate prisms served to correct the deviation, and 
to render the combination achromatic. 

(207) The effects of unequal density and elasticity may 
be much more regularly produced by the application of heat. 
These effects may be studied by applying a bai- of hot iron to 
the edge of a rectangular plate of glass, and placing it in the 
polarizing appamtus, so that the heated edge may form an 
angle of 45° with the plane of primitive polarization. At the 
end of some time, the whole surface of the plate will be ob- 
served to be covered with coloured bands, the parts near the 
opposite edges having acquired a positive doublo-refractjng 
structure, and those near the centre a negative one. The 
effects ai'c reversed when a plate of glass, uniformly heated, is 
i-apldly cooled at one of its edges ; and all the appear- 
ances vanish when the glass acquires the same temperature 
throughout. 

If we transmit heat from the surface to the axis of a 
glass cylinder, by immersing it in heated oil, it will display a 
system of rings similar to those of a negative crystal with one 
axis, the axis of the cylinder being also the axis of double 
refraction. When the heat reaches the axis, the double re- 
traction begins to weaken ; and the colours disappear altoge- 
ther when the glass is uniformly heated. Again, if the cyhn- 
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der, when in this state, be made to cool rapidly by surrounding 
it with a good conductor of heat, it will transiently assume 
the opposite character of a positive double-refracting crystal ; 
and when it is restored to a uniform temperature throughout, all 
traces of double refraction again disappear. If we employ an 
elliptic cylinder, instead of a circular one, in the experiment 
just described, it will exhibit the coloured curves formed by a 
biaxal crystal : and the phenomena may be endlessly varied 
by varying the form of the glass to which the heat is applied. 
If now, by any means, the glass be arrested in one of these 
transient states, it will acquire a permanent double-refracting 
structure. This has been accomplished by raising it to a red 
heat, and then cooling it rapidly at the edges. For, as the 
outer parts, which are thus more condensed, assume a fixed 
form in cooling, the interiorparts must accommodate themselves 
to that form, and therefore retain a state of unequal density. 
The law of density, and therefore the double-refracting struc- 
ture, will depend on the external form ; and it is accordingly 
found that the coloured bands and patches, which such bodies 
display in polarized Ught, assume a regular arrangement vary- 
ing vnth the shape of the mass. 

(208) As the double-refracting structure is communicated 
to bodies which do not possess it naturally, by mechanical 
compression, or unequal temperature, — so, by the same means, 
that structure may be altered in the bodies in which it already 
resides. Thus Sir David Brewster and M. Biot found that 
the double refraction of regular crystals may be altered, and 
the tints they display made to rise or descend in the scale, by 
simple pressure. 

But the changes induced by heat are more remarkable. 
Professor Mitscherlich discovered the important fact, that 
heat dilates crystals differently in different directions^ and so 
.alters their form; and their double-refracting properties are 
found to undergo corresponding changes. Thus, Iceland spar 
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is dilated by heat in the direction ol'ite axia | while it actually 
contracts, by a Bmall amount, in directions perpendicular to it. 
The angles of the primitive form thus vary, the rhomboid 
becoming less obtuse, and approaching the form of tlie CTtie, — 
in crystals of which form there la no double refraction (69). 
Professor Mitscherlich accordingly conjectured, that tbe dou- 
ble-refracting energy of the crystal roust, in these drcum- 
stances, be diminished ; and the conjecture was verified by 
experiment. In fact, the extraordinary index in Iceland spar 
is found to increase considerably with the temperature, while 
the ordinary index undergoes little or no change. 

We have seen (186) that the inclination of the optic axes, in 
biaxal crystals, is a simple function of the three principal elas- 
ticities of the vibrating medium, and that the plane of the axes is 
that of the greatest and least elasticities. If, then, these elaeti- 
ciliea be altered by heat in different proportions, the inclination 
of the axes will likewise vary ; and it may even happen that 
the plane of the axes will shift to a position at right angles to 
that which it formerly occupied. All these vai-iationa have 
been actually observed. Professor Mitscherlich found that, 
in sulphate of lime, the angle between the axes (which is about 
60° at the ordinary temperature) diminishes on the applica- 
tion of heat; that, as the temperature increases, these axes 
approach until they unite ; and that, on a still further augmen- 
tation of heat, they again separate, and opefi out in a perpen- 
dicular plane. Heat is found to dilate this crystal more ill 
one direction than in another perpendicular to it. 
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CHAPTER XIII. 

ROTATORY POLARIZATION. 

(209) In the phenomena hitherto considered, the changes 
in the plane of polarization, which a polarized ray undergoes 
in reflexion or refraction, are determinate in amomit, and are 
wholly independent of the distances traversed by the ray in 
either medium. There are certain cases, however, in which 
the change of the plane of polarization increases with the 
thickness of the medium traversed ; and the plane is made to 
revolve, sometimes from left to right (like the hands on the dial- 
plate of a clock), and sometimes in the opposite direction. 
This remarkable phenomenon was first observed by Arago. 

When a polarized ray, of any simple colour, traverses a 
plate of Iceland spar, beryl, or any other uniaxal crystal, in 
the direction of its axis^ it suffers no change of any kind. 
But when the ray traverses in the same manner a plate 
of rock-crystal^ its plane of polarization is found to be altered 
at emergence ; and the change increases with the thickness of 
the plate. In some crystals of this substance, the plane 
of polarization is turned from left to rights while in others it 
is turned in an opposite diiQQX\oii.\ and the crystals themselves 
are called right-handed or left-handed^ according as they pro- 
duce one or other of these effects. 

(210) The phenomena of rotatory polarization in rock- 
crystal were analyzed with great diligence and success by M. 
Biot, and were reduced by him to the following general 
laws. 

I. In different plates of the same crystal, the rotation of 
the plane of polarization is always proportional to the thickness 
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charine soltUians ; and a very ingenious apparatus, called the 
saccharimeterj has been devised by M. Soleil for the purpose. 
This instrument is founded on the principle, that the rotatory 
solutions follow the same laws as rock-crystal, in their action 
upon the light of different colours ; so that it is possible to 
compensate the effect of the solution by a plate of rock-ciys- 
tal of a suitable tluckness, and of the opposite action. 
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thfi MoDtlis of the Yht in lla-ir Somom 
and PhascB. Tint Bulectsd by RiouArd 
PujoT. 3.3 niuBtrationa on Wood from 
Orif^nal Designs by John IjBIhHtob, 
l'.S.A. tjujtrto, Oi. 

Cats' end Foi-Iie's Moral Em. 

bltma ; with Aphorisms, Adugua, and Pro- 
verbs of aU Nations i comprising 121 HliiH- 
tralionn on Wood by J. Lbtuuton, F.B.A. 
with an appropriate Text by R. FrooT. 
Imperial Bvn. Sli. id. 

Shakspeare's Midsummer Night's 

Dream, illw'lrut.'d with 24 Silhouette or 
Shadow Piutunw by P.Koheivk*, tfligraved 



Shakapeare's Bentiments and 

Si...ile« l'riiii..d in lUnck niuf Gold, and illu- 
minuledin the Mi»<sat style by llKHnTNoEii 

the Medallion and Cypher of Shokspeare. 



Saored and Legendary Art, B7 

Mrs. JAHK.SOS. With numerous Etchiogi 
and Woodcut Dlustrittions. tdIs. sqnim 
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liegendB of the Bainti and HaxtsTB. 
Fifth Eilition, with 19 Etchings and 187 
Woodcuts. 2 vols. s<iuara crown Svo." 



lieKsndB of the Uadoim*. Third Sditlon, 
with 27 Eti^hinjjs and liiS Wiiodouts. 1 ' 
vol. square crown 8fo. 3I«. 

The History of Our Xiord, as cxi^mplinml 
in Works of Art. Completed l,y Lady 
E.VETIJKK. Revised Edition, with 13 
Etchings and 281 Woodouts. 2 vols, 
square crown 8vo. 42.. 
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Afts, Manufactures, ^c. 



Ejkrawing from Nature; n SeHos of 

Pn>);niuiiii laitruclioni in Sketching, from i 
ElemenUrj' SlndiM to FiniabcNl VIcwb, 
with Example* tmia SiritioilBilll *Di tliK 

l^reBPO. BV GKOKCiG It.tlI.1AFU>. 1Mt>- 

ftwor ..f DwrlDK M Rugliv Rchoo!. Willi 
" "" ■ tTSpl^c Platoi »ud lOK %Viii«1 Kn- 
I. Iln^ 8vi,. 25.. ..r in 'I'lirw Vftt', 
royil 8vu. Ti. 6d. eteb. 

Ilt's Encyolopndla of Arohi- 

Irolure. Filth EditioD, witli Altentuttit 
ond coii.>iilerable Adllitloll^ by Wvatt 
Papwobth. AdditioDally illustrated with 
iie«]y4MWoodEnB™rtnesbyO.JKWnT, I 
■rid upwards of iOU other new Woodi^uts. 
Hvo. 62i. Od. ' 

Italian Sculptors: being u Hixtoi? of i 

^nlpture in Noiihero, Southern, Had Eu9t- 
em ItBlj-. Ilj C. C. Pkrkiss. With IMI 

(ntgliinfc'B and l:l H-ood Engrnving*. Ini- 
Tnsoan Soulptors, their Iiivas, 
Works, and Timca. By Ihc «iiue Aulhor. 
With d5 EleliinKS and 2H Woodfula from 
Original DrawingB luid rholot-raiilia. i 
vols, imperial 8>-o. 03«. 

Origiiial Designs fbr Wood-Canr- 

nM PraeliiaJ Instruclions in the Art. 
^ F. B. With 20 ITates of lUustru- 
engraved un Wood. Quarto, IS*. 

ints on HouBehold Taste in 

Fnniitore, Upholstery, and other Dotaili, 
I ' By Charles L. EASTijtKr, Arehifecl. 
With about 90 llliistrationa. Square crown 
0. I8f, 

' The Engineer's Handbook ; ex- 

ptaininK the prindploa whit^h ehouttl guide 
the yimng En{^eor in thii CunstruetioD of 
Machinery. ByC. S, Loh-sdes. Poat8™.6«. 

I lAthes and Turning, Simple, Me^ 

■- -" nical, and Omamentat. By W, IIesry 
H'ciicoTT. With about 240 Illiiatralions 
in Sleel and Wood. 8vo. 18*. 

Mementfl of Ueohanism. 

By T. M. GooouvE, M.A. Prof, of Me- 

. the R. M. Acad. Woolwich, 

ilioo, with 21" Woodcut*. Post 

Handbook of Practical Tele- 

graphy. pnblialied with tlie Baiietioii of (he 
Cliairman and Directors of the Klectrio 

I and lutemBtionol Tet^raph Company, and 
adopted by the Department of Telegraphs 
for Iitdia. By R. 8. L'i-i.l.Kr. Third Edi- 




Ure's Dictionary of Arts, Uan 

factures, and Mines. Sixth Edition, c' * 
re-written and greatly enlarged by BoBI 
nciT, F.R.S. asBUled by numtirous '' 
tributora eminent in Science and the j 
and faniiliar with Munuliacturea. \ 
2,001) Woo,l™ts. ,1 V..I-. medium 

Treatise on ICllls and Millvoi 

By W. Kaikbaikm, I.'..E. F.K.S. 
Plates and 322 Woodcuts, 3 vols. Sto. i 

Daefiil InfoiroBtion for 'Bn^aoon, 

the Mine Author. Fiiurr, Skuomii, 
TiiiKii StuiKa, with many Plates 
Woodcuta. 3 vols. croHuUvo. lOa-CdLei 
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with 6 Plata I 



Iron Ship Building, its Hjato 

and Progresa, bb comi>rised in ~ ' 
Experimental Reaeanjhe^ on t 
Strain ; the SIrength.a, FonuB, and Oil 
conditions of the Maturiol; and an Inqii 
into the Present and Pmpeclive Slate 
the Nary, including the Expeiimen 
Ke«ults on Ibe Resisting Powers of A 
PlatesandShotatHij^VelocilieB. By' 
Fairbaiiu.-, C.E. F.R.S. With 4 f 
and ISO Woodcuts, Bvo. 18>. 

EnoyoIopsBdia of Civil 1 

ing, Historical, Theoretical, and J'mct 
By E, CnKSY. C.E. Wilh above 8 
Woodcuts. Bvo. i'ii. 
The Artisan Club's Treatise 

the Steam Engine, in its various Appl 
lions Id UinoH, Mills, Steam Nangal 
Railways, and Agriculture. By J. Booi 
E.C. NBwEdilion;withPorlniil,87PL 
and me Weulaita. 4to. i2i, 

A Treatise on the Screw Vt 

ptller, Screw Yesseis, and Screw 
ua adapted for purposes of Pe^Mje ai 
with notices of otherMethuts of Propnisi 
Tables of the Kmenaion " '" " 
of Screw Steamers, and Detailed Spccifi 
tioHs of Ships and Engines. Sly the at 
Aatbor. Third Edition, wilh &i Plates i 
287 Woodcuts, Quano, Ot. 

Catechism of the Steam ] 

in Its various Applicatioi 
Sleaui Navigation, Railways, and Agrie 
lure. By Joh-n Bouu-vk, C.E. New B 
lion, with 89 Woodcuts. Fij. 6,, 
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fBaudbook of the Bteom Engine. 
By Job?* Boi-rkb. C^ formiDK ■ Kbt lo 
ih'e Aotlioes Cmediisni of IheSleam Engine. 
IViili 67 WoudcuW, Fi'p. 9j. 
Examples of Uodem Steam, Air, 

.<i_d Gas Eiig!ac9 of Iho miwl Approved I 
:■ pes, Bs employed for Pumping, for Driviug 
>' urhiner;-. foi Locomotion, unit for Agri- 
. uUure, minntdr and practically described. 
lllusUstcd by Workiug Drswiiigg, nnd em- 
tjodyiag a Critical Accguiit of all PnijecLB 
uf Rec«iitliJ>prove.iientiuFurmiF(ia, Boilers, 
uid Engines, By the same Author. In 
cuDief of publication. Montbly, lobe com- 
pleted in T*raly-four Parts, 'price 2«. 6rf. 
each, forming Ona Volume, wilh about 60 
PUtea and 400 Woodcuta. 

A. Sistory of tjie Maobine- 
Wmngbl Hoeieiy and Lace Manufacturci. 
By Wn-i-iAM Fei,ki!*, rX.S. F.S.S. With 
3 Sleel fUlPs, 10 Lilbographic Platen of 
HscMu«r^'. suil 10 L'ulounid Iniprcsaions of 
Patterns uf Lace. Royal 8vo. ■iU. 

Mit<;liell's Manual of Fractio&l 

Atm»yiDg. Third Edition, fur the most part 
n-wriUen, wilh all the rocent DticoTcrips 
ipoKporutea. By Vf. Chookes, F.li.S. 
Witfa 188 Woortciits. 8vo. S8j. 

BaIxiuuiii'b Handbook of Aniline 

and its Durivalivea; a Treatiae on the 
Uanuracture of Aniline and Aniline Colours. 
Beriscd ani! edited by \V"ii.t 
F,BA 8vo. with J Wooilcu 



ProotioalTreatiflfl on MetallurBy, 

adapted froni tbe last German Gdillon ol' 
Ptofenor Kkri.'h MiiaUurfy by W. 
Cbdokex, F.R.S. &c. and E. IWiiitio, 

I'h.O. M.K. Vti.. I. compriiing Cvui, Silca; 
Zinc, Cadmium, Tin, MtrEur;), Ban ~ 
Attmony. Nicitl, Analc. Gold. Plath 
and 5afpAar. Svo. with ^07 Woodi 
price 31i. Sil. 

The Art of Perfumery ; th« Hialorj 

and Theory of Odoors, and the Methoda of 
Estracling the Aroma.i of Plants. By Dr. 
PiEztsE, F.CS. Third Editiou. wilh 53 
Woodcuts. Crown Svo. lOi. 6d. 
OhemiOAl, Natural, and FhyaiDBl Magla, 
for Juvenile!! during the Hulidap. By the 
?<ame Author. Third Edition, enlarged willi 
38 ^Voortcuts. Fcp. Cj. 

Iioudon'a Enoyclopeedia of Agri- 

eiillure; eomprinng tbe Laying-out, Im- 
provement, and Manageiuant of Landed 
Property, and the Cultivation and F-conomy 
nf the Productions of Agriculture. Willi 
1,100 Woodcuts. 8vo. 81i. ed. 
Doudon'a EnoyolopeadlB of Oaidsniiis : 
rompriaing the Theory and Praclica of 
HortlcultutB, Floriculture, Arboriculture, 
and Landscape Gardening. Wltb 1.000 
Woodcuts. «vo. 31.. 6* 

Bf^ldon's Art of Valuing Bents 

and Tillages, and Claims of Tenant) upon 
Quilting Farms, botli at Michaelmas and 
Udy-Day. Eighth Edition - '- ' ' 
J. C. MoBTOS. 8vo. 10«. 6rf. 



Beligious and Moral Works. 



^ 



^M Exposition of the 38 Articlea, , 

Hialoticnl a"d Doctrinal. By E. 1Iakoli> | 
BrOIVJik. D.D. Lord Uiabop of Ely. Eighth 
Edition. 8™. ie«. 
SxaiolaatiDii-Qaeationa on Blahop 
gxDwDc'a Expositioii of the Ariidea. By 
iheKev. J.<"ri)RLE,M.A- Fcp. 3»- '«'■ 

Arolibiahop Leighton's Sermons 

and Chargca. Willi Addilinng and Correc- 
tions from MSS. and with Historical mid 
other Illuitralive Nolea by William West, I 
Incumbent of S. Ccdumba's, Saim. Svo. 

The Acta of the Apostles ; with a 

Commentary, and Practical and Devotional 
Suggestions for Keaders and Students of the 
Engliiib Bible. By the Rev. F. C. Cook, 
M-A- Canon of Exeter, tc. New Edition, 
, 8TO.l-2*.6rf. 



The Life and Epistles of St. 

Paul. By W. J. fosvuEARK, MA. late 
• Eellow of Trin. Coll. Cantab, and J. S. 
IloivsON, D.D. Principal of Liverpool Coll. , . 
LiEBAUv Euiiio>', with all the Original 
lllnatratlons, Hapa, Landscape) on Steel, 
Woodcula, &o. 2 vols. 4to. 48i. 

of Maps, Plates, and Woudcuta. 2 vols. 
M|uare crown 8to. 31s. Gd. 

PjiOfi-K'B Edition, revised and con- 
i 46 lUustrationj and Map). 2 



vob. croi 



0. 12j. 



The Voyage and Shipwreck of 

Kt. Paul; with Dissertations on the Ships 
and Navigation of theAncienla. ByjAsiBs 
SMiTii.F.R.S. CrownMvo. Charts, lOi.Orf. 
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Tha Natioiial Olinroli; History 

' 'md Priiici;il« i>r Ibu CliuKb Fulity of I 
KnKloii'l. By II. Mr>t-NTi'iKi:D, UA. j 
Rfclur nf SewpoH, Salup. Crown 6\o. ii. 

ridence of the Trotli of the ' 

^'•■Chrirttaii Eelisioa derived from the Lilcral ■ 
f TnlHImem of Priiphccy, pnrtieakrly u ■ 
^ UluitrBlciI hy the Hixlor]* of Ihc Jews, and 
" " " "s of Rfcent Travellers. By 

• ALBXAHDitR Kkciv, D.D. BTtb Edition, 
osPlal^iDtquucSva. I2t.6it; 

„.alsa tlig SSth Edidon, in poat Sva. frith Ti 

.a Hiatorr uid Destiny of the World 
and of the Churcli, acrarding to Ssriplure. i 

* By Ibe >aiue Author, t^uin Stu. nilli ID ' 
. lJloMtatUin.'<. in>. 

vald'a Historr of IsfboI to tbe < 

.De«(li of Mtwes. TtuiBlstcii from the Cor- ' 
niD. Edited, with a Pnface and an Ap- ' 
I ipendis, hy RrssELt, MAitTiNBMi, M.A. ' 
Frufeaeor of Hebrew in Maodteflter Neir . 
^College, London. Second Edition, cOBtinucd 
' " neemeQt of tbe Uomrch]', 3 
vols. 8vo. 24ir. Vol. II. comprising AmAiui 
-mil-Jtidgti, tor PncchaaeB of the First j 
Edition, prtcB 9f . i 

ISEbe Woman Blessed by All 

Generatinns ; or, Msry the Object of Vcnu- ' 
ration, l^'oafiilf^nce, and Imitation to all | 
ChiTHtianjt. By the Rev. R. Hrlia, D.D. i 
'P.S.M. With 78 ninatratioos. Bvo. t5j. 

■ JJfy of the Blessed Virgiii : The 

Femall Glory. By A-vthtot SiArifaBt). i 

Together with the Apology of the Anihor, I 

and an E^say on the Cuttua of tbe Blowcd , 

ViiRin Ufliy. FoOTth Eilition, with Fae- , 

similes of the 5 Original IUiutratiaa«. | 
Edited by the Rey. ORni- Shtfley, M.A. 
Fcp. Bvo. IOj. 6rf. 

Celebrated Banctuories of the 

Madonnn. By the Rev. J, Sl■l:^(■EIt SoRTH- 

»VOTB, D.D. Poat 8to. Gj. 6rf. 
ACritioBl and GranunatiGal Com- 
menlaty on St. FmVe F-piatles. By C. .1. 
Ei.Licyyn-, D.D. Lord Bishop of Glouc?ea(er 
and Bristol. Rvo. 
GolatlanB, Fourth Edition, Bt.M. 
apbeatana, PonrtL Edition, B(.8d, 
Faatoral Spistlea, Fourth Edition, Vu. Sd. 
Phllipiiiana, Colosaions, and PhilemoD, 

Third Edition, \0>. Gd. 
TbeflaaloTUona, Third Edition, T«. M. 

I An Introduction to the Study of 

the New Tefltament, Critical, EiMBatical. 
and Theolof^dcal. By the Rev, S.Daviii«)n. 
D.D. LLJJ. a volB. Bvo. 30<. 



Bistorical Iiootures on tha Uft 
Our Lntd Jcmi Cbtiat ; being Ute Hub 
LwloteiforlSfie. ByC. J. KLtiO0TT,D, 

Lord Biahop of GlonoeWer and "' 
Fuurtb FjlilJan. 8vo. lOn. 6d. 
Tha Destiny of the Oreaturo ; ■■ 
Seimont [ircached before the University 

CamhriJgB. By tio 8»me. Post 8vo. fifc 

TheOreek Testamonl^ withlToU 

Grammatiail and BxegetioiL By tha R 

W. WEBRTEn, MA. and the Rev. W, 

WiLKmsos, M.A. 2 vols. Bvn. JtS tt. 

Vol. I. the Gospels and Act*, SOk 

Vol. II. tbe Epistles BndApoealjpa^S 

BsT. T. H. Home's Xntrodootii 

to the Critical Study and Knowledge of 
Holy Scriptures. Twelfth Edirion 
mviEed thniaghout and brong^ op to 
exieting State of Biblical Saowledge; m 
oareful editorial revision. Witli 4 U 
and 33 Woodcuts and Facaimilea. i l 
8vo. i-2i. 
Bar. T. H. Some'a Oompendioni 
trudnction to the Study of tbe Bible, hi 
an Analysia of the larger work by the a 
Author. Il«-ediledby theBev.JoHMAT 
M.A. With Maps, &o. Post 8vo. 8.. 

The Treasury of Bible : 

ledge; being n Dictionary of the Boo 
Peraomr, Places, Events, and other Y 
of wliich mention is made in Holy 
tnre; Intended to establish its Anthoi 
and iilaatrate its ContenU. By Bsv 
A-vnE, M.A. With Maps, 15 Platea, i 
numerou.? Woodcnta. Fcp. lOi. fii 

The Cburohman's Daily S 

hrancer of Dcwtrine and Daty: consist 
of Meditations taken from the Writings 
Standard Divines ironi tbe Eariy Days 
Christianity to the Present Time; vil' 
Preface by W. R. Fbeuanti.B, JUL 1 
' Edition. Fcp. Svo. Bi. 

Brery-day Scripture Sifflonlt 

I expluined and iliustraleri. By J, E. Pi 
(OTT, Ji.A. Vo>:. I. Mnltlim and JW 
Vol. II. LuIk and Jeha. 2 vola. 8vo. j 

The Pentateuch and Bodk 

.roBbun Critically Examined. By ilie Rl 
Rev. J. W. Cot-E-iw, D.D.Urd Biaho 
Natal. Crown 8vo. price 6j. 

The Church and the World; Th 

Series of EsKBys OQ Questions of (be U 
by variooa Writers. Edited hy Iha t 
Obey Shipley, M.A. First 8biuks,T1 
' Edition, ioi. Se4xi<iii Ssbikb,' See 
Edition, I6«. Third SEitiU,iafi8.t«M 
published, 16«. 3 vols. Syo. fAx.tSt. ^ 
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.:.v 12*. Mcli. 
:,:"ist©ndoin'a Divisions ; a Philo- 
....|.tuc«l «ki>Mh of til,! IMvisioni of thp 
C.hrisdnn I'nmUy in Enal nnrt W(st. B,v 
Ehju'bd S. FFi«n.KEfi,fofmCTly Fellow anil 
I'utor of Jhu.1 ColL Olfuni. Post 8vD. 7». Crf. 

Oliri&tendoQi'H SiTisioiu, Piirt II. 

Greek! and Lalini. bning n lOslory of their 
DisaentioDB ami OviTtures for Pen™ dowu 
[o the RefarmUJon. By the naxa Autliur. 



riio Hidden Wisdom of Chpirt 

.;,,I the Key of KnoB-lecl-e ; or. History of 
.■ .,■ Apoi'-rj'|ihii. By Ekniwt Dr Bl-sskn. 

.:; Says or St. Peteti or, Ilia Hume of 
i: oh^, c-onncclijil with Iho Historj' of 
- iiilwlisiu uiiil Mvilxlrr. By the sune 



h Edit! 



I. Gd. 



Tho Typea of QenesiB briefly cou- 

FiiWed e.1 Re\-fiiliui( the Devdopiuenl of 
Human Nflturi'. H_v AxUHKW Jukes. 
Second Eilition. Crown Bto. 7). 6rf. 

Tbe Beoond Heath and tbe BeBtitation 
of All I'hinga, witli some PrelfminnTy Rtv- 
uiaite on tb<] 24ELturii nud liuipiration uf 
Holy SiTiiimre. lly tho same Anlhor. 
Swond EdiUou. Crown 8vo. 3». 6i 

Essa^ and BeviewB. By ths Rev. 

W. Tehi'i.e, D.D, the Hev. K. WilliaM.s, 
B.D. ihe Kev, B. P'.weu., M.A, tlic Rev. 
H. B. WiiJti..-*, I1.U. U. W- GmiDWis, M.A. 
the Rev. M. r-iTTi^os, B.D. and the Rev. 
11. JowETT, M.A, 12th Kdilion. Fop. 6«. 

BeligiouB Bepublioa ; Six Essaya ou 

( oDjfngstioiudwm. liy W, M. Pawcktt, 
T.M, llEnBEST.M J. E. G. HtUBiiUT.LL.B. 

■i. n. PATTIWH, P, £1. PyK-ShITH, M.IJ. 

ll.A, uDd .T. Akstie, B.A, 8vo. price 8i, 6i!. 
Passing Thougltts on Bsligion. 

lly Ihe Author of 'Amy llorbprl.' New 
Edition. Ftp, 5.. 
B elf 'examination before ConfiimaUon, 

B«adtDEB for s month PrepiiTatory to 

Confirmation from VVrit^r^ of tlie Early anil 
English Church. By (hu bume. Fcp. !•, 

Baadinga fbr Streij Day in Iisnt, com. 
piled from the WritiugB of Biahop Jkreiiy 
TirLOR, By the aaine. Fep. 6j. 

Preparation for the Holy Commonioni 
Ilia l>e\-oliunB ohiofly fiom the worka of 
JfiiUijU Tavloii. lly Ihusanic. 32iuo.flj, 



Bishop Jeremr Ta3rlor*s Entire 

Works; with' Ijfl. Ijy Bi^iir Ukded. 
Kevlscd nnil corrected by the Rev. C, P, 
Ebkn. 10 ^-ola, £5 fi,, 

England and ChriBtendom. Bj 

.\iiouDiai[oi' M.L-^si>o, D.I). Post Svo. 
pr!oc 10.. Od. 

Principles of Education drawn 

from Nature lUid Ui'velntion, and Applied 
lo I'emnle Eduealian in tho Uppsr Gluss)^ 
By llie same. 2 vols. fep. lis. (irf. 

The Wife's Itaniul ; or, Frayori> 

Tlioiighle, aUft SoD^s on ^mral OccninDiiB 
of fl Matron's Lift. By the Kev. W. Cai,- 
VEKT, M.A. Croiru avu. 10s, Orf. 

Singers and Songs of the Church : 

Iwiug Biiigrapliieal Sketches of Ihe Hjain- 
Wrilen in nU tbc priueijial CoUectloDs; 
witb Note.'i on tlioir Pealiiis and Hymns. 
By Ji)SL\H MiLLiiH. M.A. New Edition, 
eulargwl. Crown «vo. [^Xearlyrtaify. 

Lyra Somestiaa ; CbrUtian Soogs fur 

Duniestic EdifieatioD. TriuisUtsd from the 
PiaUtrg Quil Harp of C. J. P. SriTtA. and 

from other soarcea, by Bu'OARB Massie. 
FlBBT and Seojmk Seiiiki*, fcp. it, Grf. each. 

'BpiritaBl Songa'fbr the Sundays 

and Holidays throughout tho Vear, Bv 
J. S. B. MoNSELi., LL.D, Viear of Eghani 
and Rural Deim. Fourth Edition, ;^lh 
Thousand. Pep, price ii, Sd, 

The Seatitadsa: Abaaement before Oodi 
Sorrow for Sin; Moafcness of Spirilj Dmirc 
furHoIinc's; Gentlunoas ; Purity of Heart j 
the PoBce-mnkers ; Suffprings for Christ 
Bv the B«mo Anthur. Third Edition, re- 
^-ised. fcp.Bl.(ilf. 

Hli Fraienoe not hia ULexaoey, iss.'^. 
By Iho Slime Antlior, in memory of liis Sos 
Sixth EdHi<m. ICmo, 1.. 

Lyra Germanioa, tTuoalated trou tli« 
ritrman by Mian C. Wimkwokth. Yntat 
Seuies, Hymns for the Sundays and Chief 
r'eativnU ; Skuoki' Suribs. tbo CJiriitlan 
Life. Fcp. 3J. 6d. each SeDigs. 

Lyra Eaoharistiaa ; Hymns and 

Verses on the Holy Communion, Anoioat 
andModern: wilhiolherPoems. Edited by 
the Hev. Orbv SuirLBK, M.A. SMond 
Edition. Fep. Tk. M. 
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Iijrm Ueiiiantaa. 1 
Lyra Mystloa. Fep. : 
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B ndaBTourB after the Christian 
^^VlJfti: Diacoun«. B>' Jakes MxiirtSRAi'. 
^^■Vourtli *ad Chuper Edition, ciinfnlly iv- 

^^^E«i««l ; Ilia Tn'o Scriei complete in One 



Invocation of Saints ; n JpnmaJ 

Dcvolions for tbe Use of Merabers of 1 
English 



f, M.A 



lln, 



Xntcoduotory LesBona on th 
llbiory of Keligious Worship ; bring 
Scqud tu the tvat Author's ■ LvH 
Climlinn Kvidcncei.' Bf KiciiAi 
WiiATELi, D.D. New Edition. ISmt ~ " 



Voyages, ^x. 



—Jjettors ttosa Australia, raaiprieiiig 

■ L; Uie Voymge Oulwsrdi, Melbourne, BiUiml. 
pfttUBIIing In ViclorlD, Tasmania, Sjducj-i&c. 
^ 8y JoHS Mahtiseai'. [A-enr/y ready. 

?itian'a Coontry. By 

nT, one of the AathoiB of tbv 
n tains, or Ex cnrsiona through 
VTyroV Carinlhia, Carniola, and Friali.' In 
f One VoluniB with namfrous inB!ilr)itlon« 
I and a Faraimlle of Titian's Original Deni^ra 
* ■ ■nl'i.'liireofllieBnllleofCadorc. 

[iVmr/ff rradf. 

9 Dokmiite UountainB. Excnr- 
B throngh Tyrol, Csrinthia, CamiolB, 

1 Frinli- By J. Gilhkbt and G. C 
!BiHii.i, K.R.G.S. With numerout 

a in Tyrol and Elsewhere. 

^From a F.mily Sketch-liooh. Bj- tb- 
r of 'A Voya^^ va Zigzag,' &i;- 



How ve Spent the Summer; or, 

a Voyage en Zi(.'iui|; in Switierland and 
Tyrol with eome Memlieia o( Oie Al.FlsK 
t.'LUB. From the Skeluh-Boak of one of the 
Party. ThirdEditlon, re-drawn. Inoblong 
4to, with obont 300 Illustratioaa, I5>. 

B^Mten Tracks; or, Pea and PcQFti 
"i Sketnliea in Italy. By the Aulhortsa of 

"■■A VoyBBe en Zi^ag.' With i'l PUtca. 
ling about Mlfl SkelcJiM from Draw- 

Lt illKB mode on the Spot. Sto. IS*. 

f Hapofthe Chain of Hont Blano, 

' [c<.m an actual Survey in 1863—1*14. By 
A. An*MS-RKii.t,v. FJt.G.S. M.A.f.-. Pub- 
lished under the Authority of the Alpine 
^' b. luGhromolithographyonextraatout 
wing paper S^n. x 171n. prive Id*, ai 
JDOunb^ t>a eanvui in ^ folding ease. Vie. Sd. 



History of I>iaooTery in on 

Anslralssiau Colonies, Aiiitralfa, Taimani 
and Npw Zcahmd, from the Earlieet Date I 
the Prrsiiit Day. By VVn 
Witb 3 Mops uf the Recent ExptnaHo 
from Official Sourt'es. 2 vote. 8vo. aO». 

The Capital of the Tycoon ; 

Nnrrnlii-P of a 3 Vejii " " " " 

By Sir RuTUEBto 

2 vol*. 8vo. with numeroua llluatrations,! 

The Worth-WoBt 

Iceland ; bung the Joumal of s Tonr 
keland la the Sunimer of 1B62. By <1 V 
.Z.S. With a Map U 



o Illua 



rations. Frp. Sto. 7i. ed. 



Guide to the Pyreneee, for the u( 

of Mountaineers. By CuAKLt^ Pack 
Scoonit Edilinu,witliMaps, &c and 






iiej. 



The Alpine Onide. By John 

M.I(.I.A. laic I'nsidenl Of tli« Altinn Ch 

Post 8to. with Map,^ and olhcr Ulatt 

Quids to the Baatem Alps, prioi 

Quids to tbe Weatem Alpa, Inelodi 

Mont Biuiu-, Minilx' liosa, Zcrnii ^~ 



Quids to ths OantrU Alpa, i 
all Ihe Ohcrlaud Uistriot, price 7: lid. 

IntFToduotton on Alpine TiweUlng 
general, and on the Geolo^ of the A^ 
price li. Either of the Three Ydoma 
Farla of the Alpine Guidt may be had ' 
this iNrnoDi'tTTuiB prefixed, price la, «j 

Boma Sotterranea; c 

of the Homan CUneombs, and espeoial]] 
the Tpnietety of St. Collixtiu. Com;d 
from the Works of Conimendatore C 
De Ros:*], with the conwnt of the Aatt 
by [he Rev. J. S. NonTHCfWE, D.D. an 
Iter. W. B. BaoWNLOH-. Wth Duiiii . 
Engravings on Wood, 10 I.ilhefp'^)ba, 
Plates in Chnnnalithography, and an Ai 
of Wans, all exeoated in Rome Under 
Author's Boperintendence for this Tra 
Intion. 1 vol. 8ro. IXtarfyfoufi 



ShW WORKS p 



r LOSIJMANS -isi> CO. 



I The Iriah in America. B; Joeih i 

PK.VNCIS MM^tiiiE, M.r. f-t t'uik. Tort , 
Stc 12j. 6cf. 

3 of Iiondon and Iion- 

B 1^ in Ilie 13th, I^th, and lath Cea- 

. ■ ' _ M Series of EsiractB, Local, 

I, uiil FuUlicHl, fram tlia AruhivEM 

t- Oa (Sty of Loniloii, a.u. 1376-11111. 

' - ■ ■ ■ mlated, snrl (jdited by II. T. 

f'Sn.XT, M.\. Roj-b1 Wvo. 2I». 

lentaries on the History, 

t'OmMtilulion, wid Cliiirt*red Fnaohi^^s of | 
1. By Gf»kge Norton, 
meriy one of the Common PlDsdeiH of the 
y of London. Thinl Edition. 8to. Hi. 

flities of Xiondon ; Bxhibiting 

t Ban' and [ti:mikrkBbIe Objwta of 
La tbo Metropwlia ; with newly 

_ ^ r Years' Feraonal Kwolltctlons. By 

^^OtDT TiH»% F.6.A.. Xew Edition, cor- 
d. 8vu. I'orttait, 51». 
I JTcnihern Heists of Iion- 

■{ or, UMoiiod Assor. mtiuua of tlamp. 
[, HlghgHte, Mu^well Hill, Hunum-, 
f Bd IsUngton. liy Wu.r.iAM nowiTT. 
— itb about W \Voudcuta. Square crvwu 
e.21t. 



Beii-it! 



id Willi 



YisiUi to Bemarkabla Flaoeai 

Old Ualla, B«ttlc-Flelds, and Scemea iUua 
Dative of striking Puaigsa in E 
History and Poetry. By the uma A 
2 vole, square crown 8vo. with Wood En. 
gravingB, 25<. 

n^arratlTeB of Sfaipwreoka of th» 

IJnyal Nnvy between ITwa aud 18a7, 

miraity by W. O. S. Gii.i.v j with a Prefaca 
bv W. S. GiLLV, D.D. 3rd Edition, fcp. £w. 

ITarratiTS of the Ihiphr&tes Ek- 

pvditiOD carried on by Ordiir of the British 
tiovEmtuont durlDg thu years 1835, lS3(i, 
and 1837. By General F. B. CHES.NKr, 
F.H.S. M'itb 2 Maps, 15 inates, u " 
Woodcuts. Bro. 24j. 

Travela In AbyasiQia and the 

Ualla Country i witb an Aciounl [if u 
Mltaioa to Raa Ali in 1S18. From tbe 
MS3. of the late W. C. PuiWDiut, H. B. M.' 
CoBBul ia Abyssinia. Editud by hia Brother 
T. C. Pi^wDBS. evo. with Maps, I8i 



Worh of Fiction. 



The Warden; 



Ity -•' 



Baroheater Tovera ; a Soquel lo "The 
Warden.' Crown Hm. 3.. fiJ. 

Stories and Tales hy the Author 

uf 'Amy Herbert,' uniform Edition, eaeb i 

Tale or Story a ringlc volume : — 

AMTlliiitBE[tT,2i.GiJ, I Kaioarisk Asnroit, ' 

Cehthi'iik, 2i. 6>f. 3». 6rf. i 

EAni.'r> Daiuiitkii, Mahhaket Pkuci- I 

2fcM. NAL,6t 

ExvEKiKNCE "v Life,' I^ahetoh Pahsos- 

2«. Bif. I At^K, 4i. Sd. 

(lete Hali, 3i. Od. Chsi la, 4j. Sd. 
Ivors, 3s. M, 

A Qlimpae of the World. Fcp. is. o,/. 
jDuraol of a. Home Life. VoH fivo, 'Js. sd. 

i a Si^quel U> ihe 'JouniAl of a Homo 

3t Svo. IQj Uif. 

8 Peter's Fairy Tale for the 

■" '■ itury. Edited by EMiAnr— 
„ Author of' Amy Iterberl,' 
.ti(/. 



Becker's GharioleB: lUaBtcativc of 

Private Life of tbu Aiiciant Ureelie. Poafj 

Tales of Ancient Qreoce. By Qkoi«« 

W. Co.t, MjI. Ute Scliolor of Tria. Coll,, 
Oxford. Being a collectivH Editiuu of the 
Author's Clfl9Bicnl Series and Talcs, com- 
plete in One Vulume. Croviu 8vo. 6i. Sd. 

A Manual of Mythology, io tiitf 

foim of Qnestiun and Answer. BythoRev. 
George W. Cox. M.A. Ute Scholar of. 
Trinity Collc^, Oxfurd. Fep. 3t 



Till:: GtiADiATotia, 5i.III»i^dt IIoubk, 5>, 
IfioBi Grand, Gji. Guoi>)roB Mothimu Bi. 
Katk Covrhtbt, 6<,. Queen's Haiiiks, 6». ' 
i:K:«KitAi,Boi'Not(,5«'TBE lNTK[irni!TEii.r-ir. 
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r 

^H ThomftB Uoore's Foetioa] Works, 
^B the noly Kdilions contsiDlng tbe Aati)Dr'» 
^^1 Uet Cu|i.i-wright Additions :-. 

^H Shntnrock Editloa. price S>. 6./. 

^^r Ruby Ediiion, with FortraiC, 6i. 

^^ l'«>p1c-» EdJlion, Portrait, &c. 12.. M. 

IJbrary Editiun, Fortnuc & ViguMto, Hm. 

Cabinet Edition, [0 vob. fi'|i. Bvo. 35>. 

HOOre'B Iialla Bookh. Tpaniel'a Edi- 

■ tion. wilh eS WmJ Eiigroving- from 
Ori/;in»l Dwwinga aiid other lUustraliuiis. 
Fcp. to. 21.. 
Hoore'a Irish Helodies, Madian's 
Edition, with 101 Steel Plttes from Originul 
Itaawings. Supcr-roj'Hl Svo. 31(. Cif. 
Hinlatara Sdition of Moore's Iriah 
3IdinUa, with Mai:liite'B Illostrations (ns 
aliove), reduced in Ijtliofrraphy. Imp. 
IGoiu. lUi. lid. 

Southey's Poetical Works, witb 

» Hie Author'e last Correptions and copyir right 
Additions, Librniy Edition. In I vnl. 
roeiilum Sto. with Portrait and Vlguett*, 
Ut. or in 10 vola. fcp. 3i. Gd. earb. 
jMfa of Anoient Bome ; vitb Ivri/ 

and the Armada. By tbe RigliMlDB.LniiD 
Macaulay. ICino. it. Grf. 

Ziord HBOKnIay's IiBTi of Anelent 

Rome. Willi 90 lllaMraliona on Wood, 
Oripxnal and from tbe Antique, from 
Dmwinga by G. SciiAiti'. Ecp. llo. ait. 
Ulatatnre Bdition of Iiord Hacaulay'* 
Liij-B of Ancient Eome, witli SobatTa 

»niu si ration B (.is above) reduced in tilbo- 
giapby. Ibiii. 16mo. IDi. Bd. 
aoI<^mitli's Poetical Works, Blns- 
tm led with Wood Engravings from Designs 
by Members of ihe Etchino Clcb. Imp. 
-.. M. 

Bj Juan 1kqbi.o», Iwdftli 
EdlHun, Fcp, 8vo. 5*. 
Poema by Jean ISBeloT. A THev Bdltlon, 
with nearly 100 IllustrationB by Eminent 
Ariista, engraved on Wood by the Brutbers 
I>AlJ!ip:r.. Fep. 4to, 21i. 
L A, Story of Doom, and utlier Poems. By 

I Toetdcal Works of Ijetltia Eliza- 

I betli Landon (LJIIX.) 2 vols, Itinio. lOt. 

.Playtime with the Poets : n Selee- 

L lion of the beat English Poetn-, for Ibe use 
Lcf Cblklran. By a Ladi. Crown Sro. it. 



Poetry and JTie Drama. 



16in< 



Memories of some Gontempon 

Poets -. with Selections from theii Wrid 
By EHtLT TATt/m. Royal ISmo. bt. 

Bowdler's Family Shflkspea 

chea[>cr Genuine Edition, complete in 1 
large t,v(>e, with SS Woodcnt lUnatrali 
price ILt, or ia (1 i>f*liet vols. 3i. Srf. eao 

Arandines Cami, aive Haiunim ( 

tabrigienNuni Lu^us C-aaeri. CoUegitU 
edidit H. Dntisv, MA. Bdltio SexU, 
ravit n, J. HoOTisoN, M.A. CtOwH 
price 7: Gd. 

Horatii Opera, Pocket Editiou, 
earefully curreotod Text, Maiginnl B 

ences,andIntroduction. Edited bythel 
J. E. YoNOE, H.A. SiinacelSma.js.A 

Horatii Opera, I.ilmrj Edition, i 

Copious English Notes, MuglaalKeAra 
and V«rioua Readings. Edited by the J 
J. E. YoNBE, M.A. 8vo. 21a. 

Eight Comedies of Ariab^haiii 

#12. the AchamiHua, Riiighta, Qa 
Wdsp?, Peace, Birds, Frogs, and PlQ 
Tran!lalcil into Rhymed Me 
Li!i>NAiiJ)-IlA»u«os Ri-nn. M.A. 8™. 

The .Slneid of Virgil Ti'iaGiuted 

Eiiglish Verse. By Jons Conikoton.1 
Corpns Profeasorof Latin in the Dnimi 
of Oxford. Crown 8to. Si. 

The mad of Homer Trandat 

into Blank Verse. By IciiABOi. ( 
Wriuht, ma. 2 vols, crowa 8vi 

The niad of Homer in 'Sogti 
Hexameter Verse. By J. Hehiiy Da 
M.A. of E.teler College, Oxford. Sqii 
crown Svo. 21«. 

The Odyssey of Homer. Tnmtb 

into Blank Verse by G. W. EinUH 
Litenliate ill Medicine. Dedicated bfj 
miaaiun lo Edward Earl of Uerby. Toi 

Dante'a Divine Comedy, i^bjuIi 

in English Terza Kima bv John DAr* 
M.A. [With the Iiilian Text, ■ 
Brunrtii, iiitcrpaged.] 8vo. 21«. 

The Holy Child. A Poem in J 

Cantos i also an U<te to Silence, and ol 
Poems, fly 8. .liEKNtn, MA. Fqi-Sm 



NEW WORKS Pee 
' "Hhe Three Poantafiis, a Fiepv 

■ ruboea ; with other TerBW. B; 
itbor of 'Tlie Afterglow.' Fcp.iU.Grf. ' t\-p. »yo. St. 6d. 

io Afterglow; SongjandS^niictafor Huntiag Son 53 and MiscsUane* 

A Fripniis. Bylhe Authof ofTlieTlirrc i>os Verses. Bj' B. P„ Eoehtos WAMnn' ■ 

:<imtWiiB.' Seooiu) KditioQ. F<.p. Svo. ii. -roN. Second Edhion. Fcp. g 



flum/ Sports, <^-e. 



Euerclopsedia of Bural Bports ; 

» OiTnpkXc Atoouiil. lli.^tticu'al, rrucliod, 
■Bd DtsaripHve, bf Hunling, Shooting, 
Fisliiiig. ItBL'u:ig, &r. Br D. P. Bl.aub. 
With Bljuve eno WonUculfl (aOftom Daii,-ns 
liy Jolts Ltei u). Svo. 42). 



The OriOket Field J or. the Hialyry 
flii'i Iho Sdence of the Game of Ciii^ket. By 
Jahi« Pyoioft, B.A. 4th Edition, ftp, " 



."lO Dead Shot, or Sportsman's Com- 
i.-l.- Uiiiilii J a Treatise on ihe Djw uf the 
■ .ii;i, Doji; -breaking. Pigson-«hontinj[, &c. 
i.;)' Mauksmas. Fep. with Pliilfs, 6i. 

A Book on Angling: being a Com- 
i.i«lB Tn-iiti8C on the Art of AngUnB in 
ivi'ry branch, inrliidlng fnU lllustrateil 
LiilsWSfllmonFliia. By FniNns FnARCis, 
S.^jni] Kdition, with Portrait and ITi other 
riates, phiin and coloorcd. Post (fro. I.Ij. 

Wiloooks'B Sea-Fisherman: oom- 
|.ii;ti[i^- Ihe CliietMelhods or Hook and Line 
1 ishing in (lie British and other Staa, a 
i_i:{ii<K at Nvts, and rcmurku on Buata and 
) iip.'iting. Seoond Edition, enlarged, with 
.so VTooilcnti. Post Bvo. 12». 6rf. 

The Fly- Fisher's Entomologr. 

By Auiien Rosaltis. Willi coliiiired 
Ilfpreatntafions of Ih^ Niiliirpl and Artifi- , 
cinl Tusetl, Sixth Volition, wilh 3" ■^ulonn.l 1 
Plates, ivo. 14i, 

Blaine's Veterinary Art : a Troiitise 

..n the .Voatomy, Phyaolufj, and Cnrntive 
Treatment of the Diseusca ot Ihe Horse. 
Keat Cottle, and Sheep. SeTOiith Edition, 
reviHid anil Enlarnfed by C. Steki.. 8vo. 
with Plates and Woodcuts, Iflj. 



Horse and Man. By C. S. HUbcb 

PuiLi-ii'tT*. Anthor of ■ J uriaprudeooe,' 
Fep. 8vo. 2i. 6rf. 

Infltmotionfl to i Yonatt on the Horse. Keriaed and 

«ll that relate! to (inns ( ei.hirBed by W. Wat80b,M.R.C.V,S. I 
■dlylheAnthur'sR'.N. i with numerous Woodeuts, 12». M. 

7ou&tt on the Doe. fBy tho Hmo Author.) 



laWow 

! The Horse's Foot, and howto keep 

I it Sound. By W. Mjles, I'>q. "■ ■ " " 
I lion, with lUoatrations. Imp. 8vo. I3j. 6d. 
I A Plain Trentiae on Hone-ihoeliiE, B; 
' the same Author. Sixth Edition, pnsC gvo. 
wilh lUiulrstions, 3^ Od. 
Stoblsa and Stable Fittlnga. Bythewne, 

BenuarkB on Honea' Teeth, addreued I 
Purulm^TB. By tht same. Poat 8vo. I«. 6. 

Hohhins'a Cavalry Catechism; a 

InntmetioQs on Cavalry Exerelsi- and Field 
MoTOnienta, BriKade Movemenla, Oiit-post 
nutj*. Cavalry supporting Artillery, Artil- 
lery attached to Cavalcy, ISmo, £>■ 

The Dog in Health and Disease. 

By Stonbhknoe. With 70 Wood En- 
Cruvii'K"- New Fjjitiiin. Square crown. 

Tha Grerboimd. V.s tho 9:im(! Author. 
Bi;\-iml Kditlun, wilh U Portraits of Grey- 
liounds. Square crown Svo. 1D>. 6d. 

The Ox, his Diseaaea and their Treat- 
ment ; with an Essay on Parluritjon in the 
Cow. By J. B, DoBSUN, M.R.C.V.R Crown 
Bvo. with niusiraiions, 7i 



Commerce, Navigation^ and Mercantile Affairs, 



Banking, Carrenoy, and the Ez- 

tli-iigus : Practical Treatise. By Ahtiiuh 
(TlU'MF, Bank Mansjjer, formerly of the 
" .k of Enyhind. Poit Bvo, 6i. 




The Theory and Prac 

Banking. By Hestiv Du.nmish 

M.A. liacrister-at-IJiw. S-jeond JfditJon 

entirely rpmod<dlcd. 2 vols. 8vq,'8(lj, _ _,. 



\KW H'ORKJi 



I ElOmsntB of W finlring , By 

jiXY UiTHSnic SLtcLEnu, M.A. of Tri- 
nity Called. Cambridge, nud of lln lann' 
Trmjili', Bmrislct-nHjiw. Tust »\-o. 

[ Sfearlji rmdy. 

» Law of Nntioiia Ooiuldsrad 

M Indepcndmt Politicnl Cuuununlties. By 

Sr TiiA\-Ens Twins, D.C.L. i vols. Bvo. 

I 80«. or sepBretrlr, Paht T P«n^r. 13.. 



U'OoUoch'a Siotioziary, Pro 

tieal, Theorelicol, and niatariaal, of Co 
merca and ComiuKrciil Nivigatioa. N 
Edition, revised throQghout uid eorrer 
to the PrBBSnt Tinie, BvD. priee 63#, eb 
or 70f. half-bound in rusaia. 

Praotdoal Guide for British Shi 

raaalora to Upited States Ports. By Pn 
REPOST EiiWARiw, Her BrllKDiiicMiijcat 

Vice-Coruml nl Ntff York. Post 8ro. 8a. i 



Works of Ulility and General Information. 



^* -Ih 



Oookerr fi>r Private 

Fumiliei, reduced to a System of Kasy 
Practice io a Series of carefully-tealed Ri;. 
eeipla. By Ei-iza Actos. Newly revi«iil 
>nd enlarged; nritli S Plates, Figures, and 
l&U WoodeutA. Fcj). it. 
On Pood and its Digestion ; nn 

Introdui-tion tu Dletellos. By W. BriktoH, 
M.D. Physician t« St. Thomas'* Uuspilsl, 
fc. With 48 Woodeuta. Poal 8™. 13i. 

Wine, the Tine, and Gib Cellar. 

By TuoHAS G. SiiAW. Second Edition, 
revised nnd cnlargrd, with Frontispiece nnd 
31 llluatratione on Wood. 8vo. I6s. 

A FraotioBl tTreatiae on Brewing ; 

with Formulai for Public Brewers, pind In- 
ion« for Prifsle Fumilles. By W, 
Black. Fifth Editiwi. 8vo, 10«. Cd. 

lort Whist. By Majos a. a tho- 

inghly raiisBd Eilition ; with an Eaaay on 
-Ihe Theory of the Modem Seiontiflc Game 
hy Profrasor P. Vcp. 8vo. 3s. lid. 

"Whist, What to Lead. By Cam. 

Third Edition. 3in\a. It. 

i-The Cabinet Lawyer ; a Popular 
I Digest of the Laws of England. Civil, 
I Criininal,BndC^nKtitutionaL24thEdition; 
' with Supplements of tlio Acta of tho Par- 
- ■ "■ * - 18G7 and 1808. 






. 6if. 



The FhUoBophy of Health ; or, an 

Exposition of tho Physiiilogicttl and Sanitary 

Conditions conducive to Unman LooBevily 

I and Happiness. By SouTmvooD Suirn, 

I M.D. Eleventh Edition, revised and en- 

■ Urged; with 113 Woodeut* 8vo. T«. fid. 

I AlSandhook for Beadera at the 

Briliah Mubcuui. By Thohas Nuitoiji. 
Post 8vi>. 6s. 

Kaunder's Treasury of Enow- 

iKlgo and Library of Rctcrencf : comprising 
ail KBglisb Dictionary and Grammar, Uni- 
versal Gaaetteer, Clttsstcal Dictionary, 
rauMiology, Law Dictionary, Synojisis of 
U)CjPee[age,t:Ji«fulTabl(ib,Aa. S«s.iO».eA 



Hints to Mothers on the 

meiit of their Health during I 
Pregnancy and in the Lying-in Boom. 
T. Ill LL, M.D. Fi'p. 6s. 
Tho Maternal Manageinc 



How to Hutbq Sicli Childrei 

containing Directions which may be fo 
of strvioB to aU who have charg;e ol 
Young. By Cqahlks Wkht, M.D. Sec 
Edition. Fcp. 8vo. 2j. 6ii. 

Ifotes on Hospitals. By Flobxh 

NiGi! riNtiAi-E. Third EdiC 
with 13 I'lHUB. Post Itu. ISj. 

Instructions in Household ] 

t era i oi, the Young Girl's Guide to Ikma 
Service. Written by a Ladt (hr the ; 
of Gills intended for Service on liwvi 
School. Seventh Edition. Fqi. It. 6d. 
Mary'fl Every-Day Boofa of use 

and MiacollaneoHS Knowledge! illaati 
with Stories, and intended ^r the m 
Children. By Fhakoes E. Bvbm 
Authorof 'Mary'sGeugraphy.' 18mo,3j 

The Law relating 

Buildinj; Sopietifsi with Practical (H 
vntiona on the Act and all the Cases due 
thereon, also a Form of Rules and Fom 
Mortgages. By W. Tu.n PnAiT, Rarri 
2nd Edition. Fcp. ar, 6d. 

Wlllioh's Popular Tables for 

certaining the Value of Lifehold, Leaael 
and Church Property, Renewal Fin^ i 
the Public Funds) Annnal 



Chen 



d lull 



n ConsoLi fi 
Coographical 
cal Tables, &c. 



Q 1781 U 
Aiti 



Deolmal Interest Tables at Twen 

four Different Rates nut exceeding five 
Cent. Calculated for the nse of Bank 
To which are added Commisiuon Tab1<a 
One-eighth and One-fourth perCeOt. 
J. &. CuvLTOAKT. Saw SiHt' 




'« Modern Cookeij £0 

^low(The) IB 

Ai.coCE'1 KaldODCs ill Japui IB 

AiJJBSDnFornalloDofCLiriitluiUT IS 

\lpine Oulde (Tbe) U 

AFioas'a Manual of thaMsUlMda 8 

ABHOLD'e HiuiuaJ orEDgliBhliitiinituis .. G 

AjtKOTi'9 Blemenls or Pbyslc* S 

^ituiiin Holidays or a Ikiuatr; Parsan — t 
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